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Progress Report

Douglas V. Faller, Ph.D., M.D.

Virus-Targeted Therapeutic for Breast Cancer

5. Introduction

We have previously developed families of small molecules (butyrate-related
compounds) to alter the transcriptional response of cellular genes, and this proposal
utilizes this same strategy for induction of viral genes for the treatment of virally-associated
human breast cancer. The transcriptional activity of certain viral genes, including the
Epstein-Barr viral (EBV) Thymidine Kinase (TK) gene, is enhanced by these butyrates.
This work has led to the development of a virus-directed strategy for treating lymphoid
malignancies associated with EBV, including Hodgkin's disease, Burkitt's lymphoma,
certain non-Hodgkin's lymphomas, and B cell lymphoproliferative disorders. The Epstein-
Barr virus, which is associated with these disorders is not normally susceptible to the
nucleoside anti-viral agents, like ganciclovir (GCV), which require an active viral Thymidine
Kinase for its activity. Exposure to Arginine Butyrate, however, induces the latent
Thymidine Kinase gene in Epstein-Barr virus-infected cells, resulting in susceptibility to
GCV. We have proposed and successfully carried out (under FDA approval) the treatment
of these lymphoid malignancies associated with the Epstein-Barr virus in pilot clinical trials.
We are also approved by the FDA to treat any EBV(+) solid tumor.

Epithelial cells, as well as B cells, are susceptible to Epstein-Barr virus infection.
Epstein-Barr virus can be found in a wide distribution of lymphoepithelioma-like
carcinomas, including the malignant cells of breast cancer. The presence of the Epstein-
Barr virus in breast carcinomas of varying histology is strikingly high. EBV is present in 60
% of breast cancers in some studies, and more recently was shown to be present in 51%
of invasive carcinomas (I Magrath, K Bhatia. Breast cancer: a new Epstein-Barr virus-
associated disease? Journal of the National Cancer Institute, 1999, 91:1349-1350. M
Bonnet, JM Guinebretiere, E Kremmer, V Grunewald, E Benhamou, G Contesso, | Joab.
Detection of Epstein-Barr virus in invasive breast cancers. Journal of the National Cancer
Institute, 1999, 91:1376-1381). It is most prevalent in medullary carcinomas and is also
quite frequent in the (more prevalent) invasive ductal cancers (of 48 invasive ductal
carcinomas, 19 were EBV(+)). In addition to EBV genomic DNA detected by PCR, latent
membrane viral protein was detected by immunohistology in the epithelial breast tumor
cells (but not in surrounding lymphoid cells). No EBV DNA was found using PCR in 12
normal breast specimens. This finding has raised the possibility of a therapeutic strategy
for EBV positive breast cancers. Our approach to developing such a therapy would initially
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involve investigation of EBV sequences in breast cancer cell lines and specimens,
determination of whether treatment with Arginine Butyrate will induce the viral TK gene,
determination in vitro of whether the induction of the TK gene and gene product makes the
breast cancer cells now susceptible to GCV, and enroliment patients with breast carcinoma
into the FDA-approved EBV-associated malignancy protocol and determination of their
responses.

We have recently developed a virus-directed strategy for treating (EBV)-associated
malignancies: Hodgkin's Disease, African Burkitt's lymphoma, certain Non-Hodgkin's
lymphomas, and B cell lymphoproliferative disorders (EBV-LPD). This strategy is based
on induction of the EBV thymidine kinase (TK) gene in latently-infected tumor cells
employing the experimental drug Arginine Butyrate. After induction of the viral TK gene
by Arginine Butyrate, addition of the FDA-approved nucleoside anti-viral agent ganciclovir
(GCV) then leads to specific killing of virus-infected tumor cells which express the viral TK
and spares normal cells. This potential therapy does not depend on the associated EBV
genome being causally-related to the breast tumor. Just the presence of the EBV genome
in latent form would be predicted to make the breast tumor susceptible to this combination
protocol. The purpose of this proposal is to explore the association of EBV-infection and
breast cancer, and to develop an EBV-based strategy for treating breast cancer.

This Progress Report describes the work performed in year 3, and summarizes work
from years 1 and 2.

6. Body

Task 1: Refine molecular techniques to determine the presence of the Epstein-Barr virus
genome in breast cancer biopsy specimens. This technology is readily available for
lymphoid malignancies but needs to be tested for its applicability in epithelial-type tumors
like breast cancer. (completed)

There are two pathology laboratory techniques in place in our hospital for detection
of EBV in breast cancer specimens. The first is detection of EBERs, and the second is
staining for LMP. We have tested two types of epithelial tumors for the presence of EBERs
and for LMP, including HIV-associated lymphoepthelioma, nasopharyngeal carcinoma, and
breast cancer. Both of these techniques detect the presence of EBV proteins in both the
lymphoepthelioma and the nasopharyngeal carcinomas, and both of these tumors are
causally-associated with EBV. Therefore, these techniques will detect EBV in epithelial
cells. Neither standard technigue has detected EBV proteins in two breast cancer cell lines
which we know harbor the EBV genome. This is in agreement with a recent report by
others (Glaser, 1998). This appears due to lack of expression of these viral genes in
breast epithelial cells. We believed that the “gold standard” test for the presence of EBV,
in situ DNA analysis, would be positive in cells harboring EBV, but it is not practical to
screen breast tumors for EBV in a prospective way (Chu, 1998). A very recent publication
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(Magrath, 1999; Bonnet, 1999) suggests that even in situ hybridization (ISH)
underestimates the frequency of EBV clonal integration in breast cancers, and
recommends PCR and RT-PCR. However, unless more widely-accessible pathology
laboratory tests for EBV can be employed, it may be very difficult to prospectively identify
patients who might be eligible for our EBV-TK induction therapeutic strategy.

We have, however, adapted a new, non-invasive method for monitoring response
in patients with EBV-positive tumors (Stevens, 1999).

Task 2: Establish dose-response curves for induction of thymidine kinase transcript and
protein in Epstein-Barr virus-containing tumors. (completed in year 2)

Dose-response curves for induction of TK have been performed in 10 tumor cell lines in
vitro, to date. Concentrations of 0.1 mM butyrate are insufficient for induction in all tumors.
The threshold for induction in both epithelial and lymphoid cultures is 0.5 mM. 1-2 mM
induced viral TK maximally in 8/10 tumor cell lines. In the two cell lines in which TK
induction did not occur at that concentration, no further increase in butyrate concentrations
(up to 10 mM) resulted in any induction. There was no obvious reason for the failure of
butyrate to induce TK in the two resistant cell lines, although it was noted that these lines
similarly did not growth arrest in response to butyrate. This observation prompted an
analysis of the molecular mechanisms underlying cell arrest by butyrate, and the second
messengers and coupling of cell cycle and TK gene transcription (discussed in the
Progress Report for year 2, and in Vaziri, 1998).

As proposed, we also studied TK induction in cells with newly-established latent-
infections. Two such cells, JY and SPP, were studied. The dose-response for TK
induction was identical to that described above. The time course for the induction,
however, was quite different (discussed below, Task 3).

The magnitude of TK transcript induction was quite different between the tumor celi
lines and the cells with newly-established latent infections. The average TK induction in
the EBV-associated tumor cells was 5.6, with a range of 4-11. The average TK induction
in the newly-latent cells was 2.3, with a range of 2-4.

TK protein levels follow mRNA levels in dose-response analysis, with, for example,
5-fold induction in RNA paralleling 5-fold induction of protein as assayed by immunoblot.

Summary of Evaluation of GCV and GCV + Arginine Butyrate on Lymphoma Cell lines

We demonstrated that: 1) an mRNA transcript encoding the EBV-TK is induced in
EBV(+) Burkitt's lymphomas, as well as in "tightly latent" B-cell Large Cell Lymphoma (LCL)
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cell lines, following 12 h of incubation with 1 mM arginine butyrate; 2) Induction of EBV-TK
mRNA in an EBV(+) producer LCL was as efficient with Arginine Butyrate at 1 mM as it
was with PMA (PMA has previously been the most potent known inducer of EBV-TK
induction); 3) We have achieved ~1 mM plasma levels of butyrate without adverse effects
in Phase | studies using Arginine Butyrate as single agent therapy for refractory
malignancies (Sanders, et al, 1995); 4) We showed that Arginine Butyrate plus GCV
caused synergistic toxicity in EBV-transformed and EBV-infected cells. The cells or cell
lines were cultivated in the presence or absence of non-toxic doses of Butyrate (0.5 mM)
or GCV (5 uM), or the combination of Arginine Butyrate plus GCV (see, for example, Fig.
2.1, Appendix). Because of TK induction, these cells were killed efficiently at the nontoxic
doses of the individual drugs (0.5 mM Arginine Butyrate and 5 uM GCV). The combination
was clearly much more toxic than either agent alone. EBV(-) cells co-incubated with
butyrate and GCV at non-toxic doses were unaffected (not shown); 5) We showed that the
synergistic toxicity was dependent upon induction of the EBV-TK gene; 6) When cell lines
were co-incubated with butyrate and GCV, the toxic effects resulting from TK induction
could easily be assessed even after the butyrate was washed out (Fig. 2.2).

Task 3: Establish time courses of viral thymidine kinase gene induction by Arginine
Butyrate, and its half-life after induction. (completed in year 2)

Time courses for induction of TK have been performed in 10 EBV-latent cell lines
in vitro, to date, with more careful analysis carried out in 5 tumors and 1 newly-latent cell
line. 1 or 2 mM butyrate was used to induced viral TK.

In the tumor cells, maximal induction did not occur until 24 hr, with no or minimal
induction observed at 6 and 18 hrs. Maximum levels persisted at 48 hrs, the latest time-
point studied.

As proposed, we also studied the time-course of TK induction in cells with newly-
established latent-infections. The time-course for TK induction was quite different than that
was observed for the tumors. In the newly-latent cells, maximal induction occurred at 6 hr
(the earliest time point studied, with levels falling at 12 hours and baseline levels at 24 hrs,
despite persistent exposure to the drug. Washout studies showed that a 24 hr drug-free
interval was necessary for the cells to again become susceptible to TK induction by
butyrate.

These same time-courses and differences were found when phorbol ester (PMA)
was used instead of butyrate as the TK-inducing agent.

In more recent studies, in lymphoid cells, EBV-TK induction by butyrate (and by
PMA) is also transient, peaking at 6 hr, and retuming to baseline by 24-48 hr, despite the
continued presence of the drug (Fig. 3.1, Appendix).

In theory, this transient response might suggest that continuous administration of
Arginine Butyrate may not be necessary. Rather, administration over 6-8 hr (e.g., in an
outpatient setting), might be sufficient, or even more efficient. (However, we must measure
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the kinetics of TK protein and enzymatic activity induction by Butyrate in patients’ tumor
specimens, including the ability to re-induce expression of the enzyme, before
consideration of any modifications of the current dosing regimen.)

Task 4: Analysis of cis-acting elements on viral TK promoter responsive to Arginine
Butyrate. (in progress)

Is EBV-TK gene induction by Butyrate dependent upon cell cycle arrest? As
discussed below, and detailed in Vaziri, et al., 1998, butyrate is a potent inducer of cell
cycle arrest in G4 phase. Because the latent growth program of EBV is linked to the cell
cycle, we asked if we could dissociate cell cycle arrest from EBV-TK induction.
Isobutyramide, an butyrate-derivative we previously developed [Perrine and Faller, 1994],
is as potent as butyrate at induction of EBV-TK (Fig. 4.1). However, Isobutyramide does
not induce G4 arrest (Fig. 4.2), and therefore these two effects are distinct.

Define the molecular activity of the Butyrate compounds on cell growth and
programmed cell death. Butyrate is a potent and reversible late G4 blocker of the cell cycle.
While this butyrate-induced Gy arrest is reversible in normal cells, we and others have
demonstrated that many transformed cells undergo apoptosis under the same conditions.
[Please NOTE that this anti-tumor effect of butyrate as a single agent does not account
for the positive clinical results we have observed in the butyrate+GCV combination. Using
patient derived specimens and EBV-LCL lines, we have shown anti-tumor activity of the
drugs in combination at doses where the individual agents alone have no cytotoxic activity
(see Mentzer, et al.,1998).] Butyrate induces markedly increased levels of nuclear p53
protein. A causative role of p53 in mediating butyrate-induced cell cycle arrest was
investigated in three ways: 1) Human cell lines lacking p53 were examined after butyrate
treatment, and no compromise of Gy arrest was observed; 2) Cells with an intact p53 were
transfected with a mutant, dominant suppressor of p53. Both wild-type cells and cells
expressing the dominant-negative p53 exhibited identical dose-dependencies for growth
inhibition in response to butyrate; 3) Primary cultures of cells from p53 -/- ‘knockout’ mice
were as susceptible as p53 +/+ cells to arrest in Gy by butyrate. Therefore, Gy growth
arrest in response to butyrate occurs independently of p53. p27 and mdm-2
proto-oncogene transcripts, both of which can be transcriptionally-regulated by p53, were
induced by butyrate at time points correspondmg to growth arrest and accumulation of
nuclear p53. However induction of p21 Wat/Cip by butyrate was found to be p53-
independent, so p21 P is not required for butyrate-induced cell cycle arrest.

We have identified inhibition of cyclin D1 expression as a potential mechanism for
butyrate-induced growth arrest. Butyrate inhibited mitogen-induced accumulation of cyclin
D, transcripts in 3T3 cells as well as in mouse embryo fibroblasts from p21+/+ and p21-/-
mice, and inhibited cyclin D expression and Gi progression with similar dose-
dependencies. Butyrate also perturbed Gy signaling events distal to cyclin D expression,
including mitogen-dependent phosphorylation of pRb. Butyrate inhibition of Rb
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phosphorylation was sufficient to perturb downstream E2F-dependent events, including
serum-induced cyclin E promoter-driven luciferase activity. The serum-dependent
expression of both cyclins A and E was prevented by butyrate, concomitantly with inhibition
of pRb phosphorylation. Loss of the normal Rb-mediated checkpoints induced by ectopic
expression of the Human Papilloma Virus (HPV) E7 protein produced resistance to
Butyrate-induced G arrest. These data show that functional inactivation of pRb (and other
pocket proteins), but not of p53, results in decreased sensitivity to the cytostatic actions of
butyrate. Thus, butyrate-induced G arrest in normal cells results in large part from a
p53/p21-independent perturbation of the Rb signaling axis [Vaziri, 1998].

Is EBV-TK gene induction by butyrate dependent upon activation of the viral lytic program?

Butyrate and PMA have been shown to induce the EBV lytic cycle (albeit very
weakly) in some latently-infected cells (see Protocol for references). To determine if
activation of the lytic phase is required, we tested butyrate, isobutyramide, PMA and a
number of fourth-generation, orally-bioavailable compounds (see section 3, below) for
effects on induction of EBV “immediate-early” (BLZF1, BRLF1) and “late” (BALF4, BXLF2)
genes, as markers of lytic cycle induction. We had already determined that a number of
these new compounds are efficient at inducing EBV-TK mRNA (Fig. 4.3; see Torkelson,
1996 and Boosalis, 1998, for the structure/pharmacokinetics of these new oral agents).
We found that induction of TK (Fig. 4.5), was associated with induction of the immediate-
early genes (Fig. 4.6), and also of the late lytic genes (Fig. 4.7), suggesting that induction
of the TK gene was the consequence of activation of an (abortive) lytic program, rather
than direct activation of TK gene transcription.

Is TK gene induction by butyrate mediated by PKC or Histone Deacetylase?

Although we have extensive experience in analyzing butyrate-inducible promoters,
a full exploration of the mechanisms by which Arginine Butyrate induces EBV-TK was
beyond the scope of this translational grant. However, a few directed mechanisms were
explored. Both PMA and bryostatin-1 induction of EBV-TK are thought to be mediated via
activation of cellular PKC. Butyrate has been shown to activate certain cellular serine
kinases, such as PKA and CKIll. We used specific inhibitors of PKC to determine the role,
if any, of PKC and (in particular PKC o, € and B isozymes) in TK induction. Although the
PKA agonist PMA induced TK expression in some EBV(+) cell lines, it did not do so in
every cell line, whereas butyrate did invariably induce the gene. Furthermore, PKC
inhibitors including staurosporine analogues, methyl-rac-glycerol and chelerythrin did not
prevent TK induction by butyrates, suggesting that this induction is PKC independent.

We used trichostatin A and other selective HDAC inhibitors to determine if inhibition
of HDAC resulted in regulation of the TK gene. TK was induced by TsA as efficiently as it
was by butyrate. We also used the newer butyrate derivatives to determine if effects of
these compounds on HDAC activity was associated with their effects on EBV-TK. KS-11,
in particular, was a strong inhibitor of HDAC (Fig. 4.4). However, KS-11 did not induce TK

10



Faller, Douglas V.

gene expression (Fig. 4.5). Therefore, the induction of TK by butyrates is not dependent
upon HDAC inhibition.

Are_Adhesion molecules on Breast Tumor Cells Modulated as a result of Butyrate

Therapy?

Hematogenic spread of breast tumor cells involves reversible interactions between
adhesion receptors on lymphoid cells and their counterparts on vascular endothelium,
surrounding tissues, and matrices, and closely resembles extravasation of lymphocytes
and leukocytes to the sites of inflammation. Hypoxia is known to induce extravasation of
lymphocytes and leukocytes during ischemic injury. Tumor hypoxia analogously increases
the metastatic potential of malignant lymphoid cells. We have recently identified and
characterized a new adhesion molecule, HAL-1/13 (Hypoxia-Activated Ligand-1/13), which
mediates the increases in lymphocyte and neutrophil adhesion to endothelium under
hypoxic conditions. We used expression-cloning to identify this molecule as the lupus
antigen, and DNA-PK-associated nuclear protein, Ku80. The HAL-1/13/Ku80 antigen is
found on the surface of breast carcinoma cells, as well as several leukemic and solid tumor
cell lines, including T and B lymphomas, myeloid leukemias, neuroblastoma, and
rhabdomyosarcoma (Ginis and Faller, 1999, appended). Transfection and ectopic
expression of (human) HAL-1/13/Ku80 on (murine) NIH-3T3 fibroblasts confers the ability
of these normally non-adhesive cells to bind to a variety of human lymphoid cell lines, and
this adhesion can be specifically blocked by HAL-1/13-neutralizing antibodies. Hypoxic
exposure of breast carcinoma (MCF-7) cells, and lymphoma lines (Jurkat, JY), leukemia
lines (U937), neuroblastoma (Kelly and SH-N-SK) lines resulted in upregulation of HAL-
1/13/Ku80 expression at the cell surface, mediated by translocation of the antigen from the
nucleus. This upregulation was coincident with an increased ability of the tumor cells to
invade endothelial monolayers, and this invasion could be attenuated by anti-HAL-1/13
antibody. Hypoxia also potentiated lymphoid tumor cell transmigration through Matrigel
filters. Anti-HAL-1/13 antibody inhibited this transmigration, and also the locomotion of
hypoxic tumor cells on laminin. These studies indicate that the HAL-1/13/Ku80 molecule
may mediate, in part, the increased invasiveness of tumor cells induced by hypoxia, as well
as regulating hypoxia-induced adhesion of normal lymphocytes and leukocytes to
endothelial cells.

In summary, we have dissociated cell cycle arrest from EBV-TK induction by
butyrate. We have identified the molecular mechanism of action of butyrate in regulating
the cell cycle [Vaziri, 1998]. We have demonstrated that the induction of TK by the
butyrates is part of the activation of an abortive Iytic cycle, and is not dependent upon PKC
activity or upon HDAC inhibition.
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Task 5: Enroll patients with Epstein-Barr virus-associated malignancies into the FDA-
approved Phase I/l clinical trial. (ongoing)

The ongoing Phase I/1l protocol will continue for at least another year, as we gather more
efficacy and safety data for this drug combination, in a wider range of human malignancies

See Table | for current patient accrual and results.

Task 6: biochemical and molecular analysis of specimens obtained from patients with
Epstein-Barr virus-associated malignancies, to determine the sensitivity of these tumors
to Arginine Butyrate alone, to ganciclovir alone, and to the combination of drugs, and to
correlate patient responses with in vitro sensitivity. (Ongoing)

As stated in the proposal, and required by the DOD Human Subjects approval, this
Task is dependent on the unpredictable ability to obtain fresh tumor specimens suitable
for culture prior to the initiation of the protocol, without putting the patient through additional
surgical procedures. Although we have obtained pathology specimens of tumor tissue
prior to treatment, and even obtained pathology specimens after treatment in 3 patients,
we have still only obtained one tumor specimen which produced a tumor line in culture.

The data described below on this cell line has been published (Mentzer, 1998), and
described in the Progress Report for year 2) and will not be displayed herein unless
requested.

The patient's peripheral blood mononuclear cells were grown in Dulbecco's Modified
Eagle's Medium, ME) with 2,000 mg/L glucose (Sigma, St. Louis, MO), supplemented with
10% heat inactivated fetal calf serum (Sigma), 10 mM Hepes buffer, and 2 mM L-glutamine.
With spontaneous growth of the cell line, the cells were passaged twice per week for more
than eight months. The established cell line expressed a B lymphocyte phenotype identical
to the primary tumor (kappa®*, CD19*, CD20*, CD21*, CD23", CD30", CD40*, and CD10).
Southem blot analysis of the cell line demonstrated integrated genomic EBV DNA. These
similarities between the established cell line and the primary tumor permitted use of the cell
line in studies of arginine butyrate-induced TK expression.

The cell line was cultured with various concentrations of arginine butyrate, harvested
at various time points, and studied for the induction of the TKtranscript by RNA blot analysis.
These studies demonstrated undetectable basal levels of the TK transcript, consistent with
the latent state of viral replication of the EBV-associated cell line. In contrast, treatment of
the cell line with arginine butyrate resulted in a dramatic induction of TK transcription within
12 hours.

Treatment of the established cell line with arginine butyrate alone and at
concentrations ranging from 1 uM to 500 uM did not inhibit cell line proliferation. Similarly,
treatment of the cell line with ganciclovir alone at concentrations up to 30 uM did not inhibit
proliferation. In contrast, the combination of arginine butyrate at 500 uM plus ganciclovir at

12




Faller, Douglas V.

10 and 30 pM synergistically inhibited cell proliferation measured by increases in
fluorescence [RFU = relative fluorescent units] of the cytoplasmic label calcein. Assays of
cell viability demonstrated that ganciclovir at 10 pM, 30 uM and 100 uM showed synergy with
arginine butyrate at 500 uM or 1000 pM in decreasing cell viability at days 3 and 6 as defined
by nuclear labeling with membrane impermeant fluorescent dye. No differences between
treatment groups were observed at day 1 (not shown). These effects on tumor cell
proliferation and viability were observed at concentrations of arginine butyrate and ganciclovir
anticipated to be achievable in vivo. This patient also had a complete response to the
combination of Arginine Butyrate and GCV.

In Summary: Evaluation of GCV and GCV + Butyrate on Patient-Derived Tumor Specimens
-- Tumor cells were grown from the peripheral blood of the first two EBV(+) tumor patients
we treated, and we demonstrated synergistic toxicity of the drug combination in his EBV(+)
LCL B-cells [Mentzer, 1998]. These patients responded well to Arginine Butyrate + GCV
in vivo.

Task 7: Ongoing pharmacokinetic analysis of Arginine Butyrate in patients in the Phase
| trials. (ongoing, and will continue until Phase I/l trial is terminated)
See also Task 9.

We are continuing to collect samples on treated patients and are analyzing formal
pharmacokinetics on Arginine Butyrate in these patients treated with the combination
protocol, and have registered this data with the FDA in conjunction with our IND.

Task 8: Use in vitro data to modify and re-assess the Phase | clinical trial protocol.
(ongoing, and will continue until Phase I/l trial is terminated)

None of the in vitro data to date suggests that we need to substantially modify our
Phase V/ll protocol. The profile of adverse events is quite favorable. The in vitro data on
TK induction and time-course suggest that short courses of Arginine Butyrate may be
insufficient for optimal induction (as detailed in the Progress Report for Year 1), and our
current approach of sustained infusion may be optimal, or, at least, necessary. See also
Task 9.

Task 9: Prepare and submit FDA report for Phase | trial completion. (not initiated)
Phase I/l trial is not yet complete. The ongoing Phase I/l protocol will continue for at least
another year, as we gather more efficacy and safety data for this drug combination, in a
wider range of human malignancies
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Task 10: Prepare and submit the Phase |l protocol for treatment of Epstein-Barr virus-
positive breast malignancies to the FDA. Preparation includes a meeting with the FDA
regarding the study and submission of IND. (not initiated)

This task was planned as part of a 5-year grant application. The grant was
approved for only 3 years. The ongoing Phase /Il protocol will continue for at least another
year, as we gather more efficacy and safety data for this drug combination, in a wider
range of human malignancies, before establishing a pivotal Phase Il trial.

Task 11: Analysis of other agents, including the oral agent Isobutyramide, for their effects
on induction of thymidine kinase in EBV-positive tumor cells and sensitization to ganciclovir
treatment. (ongoing)

Identify new, orally-bioavailable butyrate derivatives which induce EBV-TK
expression. As we noted above, isobutyramide, an orally-bioavailable, long half-lived
butyrate-derivative we have already developed through Phase | testing (IND #39,886), is
as potent as butyrate at induction of EBV-TK (Fig. 4.1). We have also tested a number of
fourth-generation, newly-synthesized, orally-bioavailable, B-oxidation-resistant compounds
for effects on induction of EBV “early” genes. A number of these compounds are efficient
at inducing EBV-TK mRNA (Fig. 4.3; see Torkelson, et al., 1996; and Boosalis, et al.,
1997, for the structure/pharmacokinetics of these oral agents).

Isobutyramide, in particular has been studied in parallel with Arginine Butyrate in the
extended induction and time course studies (Tasks 2 and 3), and also in cytotoxicity
testing with GCV in the tumor cell lines (Task 4). Isobutyramide appears as efficient as
Arginine Butyrate in induction of TK transcript. TK protein production has not yet been
analyzed. Early cytotoxicity assays demonstrate synergistic killing with GCV. Unlike
Arginine Butyrate, however, isobutyramide has no activity against breast cancer cell line
by itself. We have identified several other derivatives / analogues of butyric acid, including
dimethylbutyric acid (ST-20) and a-methyl-hydrocinnamic acid (ST-007), which induce TK,
yet also have direct cytotoxic effects on breast carcinoma cell lines such as MCF-7 (Fig.
11.1).

In addition, we have developed more than 50 short-chain fatty acid derivatives
which we tested for induction of globin genes [see Torkelson, 1996, Boosalis, 1997]. We
have investigated this series of derivatives of short-chain fatty acids to determine: 1) what
types of functional groups which could be substituted for a carbon and retain gene-inducing
actions; and then, 2) what substitutions onto these types of structures prolong the half-life
of the compound in vivo. Some substitutions, such as replacement of the carboxylic acid
group with a tetrazole group, entirely abolished gene-inducing activity. Extending the
carbon backbone beyond four carbons resulted in a loss of gene-inducing activity.
However, a phenyl group could generally be used to replace a carbon without loss of this
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activity. To confer resistance to B-oxidation and to B-glucuronidation, substitutions with
dimethyl and other branched chain groups which result in steric hindrance to cleavage by
the enzymes of oxidative metabolism and to create some resistance to renal excretion, and
addition of halogens and phenoxy groups, have been effective. Current compounds of
interest have 3-4 carbons and/or a phenyl group as backbone structure, such as cinnamic
acid, propionic acid, or butyric acid, and have dimethyl, phenoxy, or halogen substitutions
onto a phenyl ring. Some functional groups which typically delay metabolism but abolished
gene induction were identified and discarded. We have also eliminated more than 30
second-generation gene-inducing compounds from further investigation because of
undesirable metabolites, or limitations reported in the animal toxicology literature, or a
significant obstacle in formulating them for human use.

Three classes of compounds which are of particular interest include phenoxy
derivatives of acetic or propionic acid, the cinnamic acids, and dimethy! derivatives of fatty
acids -- these families of compounds appear to have the biologic properties required of an
improved TK-gene-inducing therapeutic. Three lead compounds, methylhydrocinnamic
acid, phenoxyacetic acid, and dimethylbutyric acid strongly induce gene transcription and
are not toxic even in very delicate hematopoietic cultures. These will be tested for activity
in inducing EBV-TK to determine if they might offer a potential pharmacologic advantage
over isobutyramide or Arginine Butyrate (e.g., higher induction of TK, longer half-life of
effect, or better dose-effect, etc.) In addition, some animal and human safety data for
certain of these new compounds has already been obtained.

Task 12: Formal preclinical toxicity testing of Isobutyramide, in preparation for IND
submission. (completed)

Two species 28-day toxicology (in beagle dog and rat) is complete. Metabolism and
distribution studies are complete. Mutagenicity testing is complete. Results have been
registered with the FDA (IND 39,886). Stability studies of the solution demonstrate >99%
stability at 2 months at room temperature (IND 39,886).

Task 13: (months 34-36): Submission of IND for the combination of Isobutyramide and
ganciclovir in the treatment of Epstein-Barr virus-associated breast cancer. (not to be
initiated at this time)

This IND will not be initiated at present. The results using the IV preparation
(Arginine Butyrate) have been very favorable in a group of patients with very advanced
disease. The disadvantages of an IV drug in this setting are outweighed by the favorable
results. It is not justified to switch to a clinically unproven TK-inducing agent, like
Isobutyramide, simply for the purpose of convenience, and run the risk of less efficacy. If
Arginine Butyrate plus GCV becomes first-line therapy for EBV-associated breast cancers,
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we will consider testing isobutyramide in this setting, as convenience of delivery and half-
life of the drug may become more of an issue in this setting.

7. Key Research Accomplishments:

¢ Developed, submitted, and initiated a FDA-registered Phase /Il clinical trial of Arginine

Butyrate + GCV for the treatment of EBV-associated tumors.

GMP-manufacture of Arginine Butyrate, preclinical toxicology, stability and Q/C.

Evaluated of GCV + Butyrate on patient-derived tumor specimens

Identified the mechanisms of action of Butyrate on induction of EBV TK expression

Ten patients with EBV(+) tumors have been enrolled on the trial to date, with a number

of other patients currently being evaluated for enroliment now.

¢ The trial is open at several major medical centers in addition to Boston University
Medical Center

¢ We have added certain physicians to our IND, including Sloan-Kettering (Drs. R.
O’Reilly and T. Small), Brigham and Women’s (Dr. S. Mentzer), Dana-Farber (Dr. J.
Fingeroth), Boston Children’s (Dr. S. Burchett), Yale University (Dr. A. Levy) and
Hospital Necker, Paris (Dr. O. Hermine).

¢ Identified new, orally-bioavailable butyrate derivatives which induce EBV-TK
expression.

¢ Preclinical toxicology of Isobutyramide (oral agent) completed. Two species 28-day
toxicology (in beagle dog and rat) is complete. Metabolism and distribution studies are
complete. Mutagenicity testing is complete. Results have been registered with the
FDA (IND 39,886). Stability studies of the solution demonstrate >99% stability at 2
months at room temperature (IND 39,886).

* & o o

8. Reportable Outcomes
Publications:

Original Reports:

Mentzer, S.J., Fingeroth, J., Reilly, J.J., Perrine, S.P., and Faller, D.V. Arginine Butyrate-
induced susceptibility to ganciclovir in an Epstein-Barr Virus (EBV)-associated lymphoma.
Blood Cells Molecules.Dis. 24:114-123, 1998

Vaziri, C., Stice, L.L., and Faller, D.V. Butyrate-induced G1 arrest results from p21-
independent disruption of retinoblastoma-mediated signals. Cell Growth Differ. 9:465-474,
1998.

Ginis | and Faller, DV. Hypoxia Affects Tumor Cell Invasiveness In Vitro: The Role of
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Hypoxia-Activated Ligand HAL1/13 (Ku 86 autoantigen)., 1999, submitted for publication.

Abstracts:

1. THE HYPOXIA-ACTIVATED LIGAND HAL-1/13 IS IDENTICAL TO Ku80, AND
MEDIATES LYMPHOID CELL ADHESION AND TUMOR CELL INVASIVENESS IN
VITRO. |. Ginis,* E. Lynch,* and D.V. Faller. Cancer Research Center, Boston University
School of Medicine, Boston, MA' American Society of Hematology Annual Meeting, 1999.

2. TREATMENT OF EPSTEIN-BARR VIRUS (EBV)-ASSOCIATED LYMPHOMAS AND
PTLD USING ARGININE BUTYRATE TO INDUCE VIRAL TK GENE EXPRESSION:
INITIAL FINDINGS OF A PHASE I/l TRIAL. D.V. Faller, O. Hermine,* T. Small, R. O'Reilly,
J. Fingeroth,* S.J. Mentzer,” and S.P. Perrine. Cancer Research Center, Boston University
School of Medicine, and Brigham and Women's Hospital, Boston, MA; Hospital Necker,
Paris, France; Memorial-Sloan Kettering, New York, N.Y. American Society of Hematology
Annual Meeting, 1999.

9. Conclusions

In the 36 months of research under this grant, we have completed the majority of
the Tasks we had set for months 1-36 (Tasks 1, 2, and 3, although we will continue to
study mechanisms of resistance of TK induction). The new data we generated concerning
molecular mechanisms of butyrate action on gene expression completed Task 4. We have
enrolled several new patients onto the clinical protocol, with pharmacokinetic studies
collected, safety assessed, and responses noted (Tasks 4-7).

The development of the first new, orally-bioavailable form of TK-gene regulating
agents is complete (Tasks 11 and 12), although the success of our protocol to date
obviates the need to begin a study with an oral agent (Task 13).

Because we received only 3 years of funding instead of 5 years, we have not yet
completed our Phase I/ll protocol. Accordingly, we have not yet registered a new Phase
Il trial. Indeed, because of the favorable responses to our original protocol, we have not
found the need to alter our original protocol (Tasks 8, 9, 10).

SummARY of Clinical Progress: We established contract GMP manufacture of our
experimental drug. We have designed, FDA-reqistered, and instituted a Phase /Il trial
based on our preclinical data and working hypothesis. The trial is now ongoing at multiple
clinical cancer centers across the country and in Europe. Remarkable clinical responses
have been observed in the majority of the (small number of) patients treated. We are now
FDA-approved to enroll pediatric patients, and this experimental therapy is FDA-approved
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as first-line treatment of EBV(+) tumors.

DeTAlLs of Clinical Progress: During this period of DOD funding, we developed,
submitted, and initiated a FDA-registered Phase I/ll clinical trial of Arginine Butyrate + GCV
for the treatment of EBV-associated tumors. This project required GMP-manufacture of
Arginine Butyrate, preclinical toxicology, stability and Q/C. Ten patients with EBV(+) tumors
have been enrolled on the trial to date, with a number of other patients currently being
evaluated for enroliment now. The trial is open at several major medical centers in addition
to Boston University Medical Center and added certain physicians to our IND, including
Sloan-Kettering (Drs. R. O'Reilly and T. Small), Brigham and Women'’s (Dr. S. Mentzer),
Dana-Farber (Dr. J. Fingeroth), Boston Children’s (Dr. S. Burchett), Yale University (Dr. A.
Levy) and Hospital Necker, Paris (Dr. O. Hermine). (A number of other institutions have
asked to open this trial, but our current financial resources have precluded this.)

All of the patients studied had been heavily pre-treated with conventional therapies,
including chemotherapy, radiotherapy, immunotherapy, and sometimes bone marrow
transplantation, with no response, prior to beginning our protocol (Table I, Appendix). Four
of the eight patients have had complete responses to a single cycle of therapy (although
several of these patients ultimately succumbed to complications of their underlying
immunodeficiency). We now have several long-term (>3 years) survivors of these
otherwise invariably lethal tumors. One patient, listed here as a partial-responder, had only
5 days of therapy, but hepatic enlargement of unknown etiology caused us to take him off
protocol while it was being investigated. One patient with tumor that was positive in only
one lymph node for EBV, but negative in the primary tumor, completed the 21-day cycle
uneventfully, but did not respond. There have been no significant side effects that we have
been definitely able to ascribe to the drug combination, although one patient demonstrated
reversible lethargy/somnolence at 1500 mg/kg/day, two patients complained of anorexia
or grade 2 nausea, and one patient suffered fulminant acute liver failure off of the drug,
after rapid and complete resolution of her tumor. These potential adverse reactions have
been reported to the FDA.

We have been able to culture tumor cells from the two patients treated in Boston,
(Mentzer, 1998), and have demonstrated synergistic susceptibility to the drug combination
in these primary tumor cells.

On the basis of the clinical responses and lack of serious toxicity, we have, over the
last year, been allowed by the FDA to: 1) Apply this novel treatment as first-line therapy for
EBV(+) tumors. Prior treatment with chemotherapy, etc. is not required before our protocol
can be instituted; 2) Enroll children 5 years and older on this protocol. This is an unusual
step for the FDA to take, and reflects their confidence in our approach, as well as the lack
of other effective therapies; 3) Enroll HIV(+) patients. We excluded HIV(+) patients initially
because of theoretical concemns about effects of Arginine Butyrate on viral replication. The
ability to measure HIV viral titers serially, the advent of triple-drug anti-HIV therapy, and the
lack of any other effective therapies, have led the FDA to approve enroliment of HIV(+)
patients with EBV(+) tumors.
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Synergistic Toxicity of Arginine Butyrate plus GCV against

EBV(+) LCL
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Figure 2.1
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Arginine Butyrate + GCV Washout Studies
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Figure 2.2A Days Figure 2.2B

Figure 2.1: Growth curves of a latent EBV(+) LCL cell line grown in the presence of non-toxic doses of
Arginine Butyrate (0.5 mM) or ganciclovir (GCV) (5 uM). The cells were also cultivated in the presence of
the combination of Arginine Butyrate plus GCV. The combination was clearly much more toxic than
either agent alone.

Figure 2.2: Significant synergy was seen in the combination of GCV and Arginine Butyrate on all LCL cell
lines. An EBV(+) B-cell LCL that is latent was incubated in the presence of 0.5 mM Arginine Butyrate (non-
toxic) (A), or 2.0 mM (cytotoxic) Arginine Butyrate (B) for 3 days, after which time butyrate was washed out
and GCV added to some plates (+) at 5.0 yM. Because of TK induction, the cells were killed efficiently at the

nontoxic doses of the individual drugs. EBV(-) cells coincubated with butyrate and then GCV at non-toxic
doses were unaffected (not shown).




Kinetics of Induction of EBV-TK
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EBV-TK Gene Induction by Isobutyramide
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Figure 4.1

Figure 3.1: Blot hybridization of total RNA from the FF41 cell line, incubated with either PMA (20 ng/ml) or Arginine
Butyrate (Arg. But.) (1 mM) for time periods shown. Blots were probed with the radiolabeled Bam HI X fragment of
EBV containing the TK gene.

Figure 4.1: Induction of EBV-TK mRNA by Isobutyramide. Blot hybridization of total RNA from the FF41 (an LCL)
cell line, incubated with either PMA (20 ng/ml), Arginine Butyrate at 1 mM (ArB-1), or Isobutyramide at 0.5 mM and 1
mM (IBT-0.5 and IBT-1) for 12 hrs. Autoradiograms of RNA blots were quantitated with an LKB laser densitometer
(Pharmacia, Upsalia, Sweden), and the results plotted. EBV-TK mRNA levels expressed by untreated FF41 cells
were arbitrarily set at 1. Induction of EBV-TK mRNA in this EBV(+) producer LCL was as efficient with Isobutyramide
as it was with Arginine Butyrate or with PMA.
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Effect of Drugs on JY Cell Proliferation
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Figure 4.2

Induction of EBV-TK by Phenoxyacetic, Phenylalkyl,
and Carboxylic Acids
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Figure 4.3

Figure 4.2: Effect of Pharmacologic inducers of EBV-TK on cell proliferation. JY cells (EBV-LCL) were cultured
alone or with drugs at concentrations optimal for EBV-TK induction: Arginine Butyrate (1 mM), Isobutyramide (1
mM), or PMA (100 nM). Viable cells were quantitated at the time intervals indicated. All conditions were tested in

quadruplicate.

Figure 4.3: Blot hybridization of total RNA isolated from the FF41 cell line, incubated with either PMA (P) at 20
ng/ml or Arginine Butyrate (AB) at 1 mM, or Isobutyramide (Is) at 1 mM, or a number of third and fourth generation,
orally-bioavailable butyric acid derivatives (phenyalkyls: compounds 1-3; phenylacetics: compounds 4-7;
carboxylics: compounds 8-11) for 12 hrs periods shown. Blots were probed with the radiolabeled Bam HI X

fragment of EBV containing the TK gene.
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Vol. 9, 465-474, June 1998

Cell Growth & Differentiation

Butyrate-induced G, Arrest Results from p21 -independent—
Disruption of Retinoblastoma Protein-mediated Signals’

Cyrus Vaziri, Ligaya Stice, and Douglas V. Faller®

Cancer Research Center, Boston University School of Medicine,
Boston, Massachusetts 02118

Abstract

" When treated with millimolar concentrations of
butyrate, many cell types undergo growth arrest in the
G, phase of the cell cycle. However, the molecular
basis of butyrate-induced G, arrest has not been
elucidated. We have investigated the molecular
mechanisms of butyrate-induced G, arrest in
synchronized cultures of untransformed 373
fibroblasts. We tested the hypothesis that butyrate- -
induced growth arrest might be mediated by the p21
cyclin-dependent kinase inhibitor. Sodium butyrate-
treated 3T3 cells did, indeed, express elevated levels of
p21 mRNA under conditions of G, arrest. Surprisingly,
however, primary cultures of fibroblasts from
transgenic p21 “knockout” (p21-/-} mice and
fibroblasts from wild-type p21-proficient (p21+/+) mice
underwent butyrate-induced G, arrest with similar dose
dependencies. Therefore, p21 expression was not
necessary for butyrate-induced G, arrest. To identify
other potential mechanisms of butyrate-induced
growth arrest, we analyzed the butyrate sensitivity of
key mitogenic signaling events during G,. We found
that butyrate inhibited the mitogen-dependent
transcriptional induction of cyclin D1 and .
_phosphorylation of retinoblastoma (Rb), both in p21-
proficient 3T3 cells and in p21 +/+ and p21-/— mouse
embryo fibroblasts. Butyrate treatment also prevented
mitogen-dependent transcriptional induction of cyclin E
and expression of cyclin A, cell cycle events that are
temporally distal to expression of cyclin D and are
necessary for entry into S phase. Abrogation of a
requirement for cyclin D/cyclin-dependent kinase-
dependent phosphorylation of Rb (by ectopic
expression of the human papilloma virus E7
oncoprotein in 3T3 cells) resulted in decreased
sensitivity to the antiproliferative actions of butyrate. _
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Overall, these data show that butyrate-induced G,
arrest is, in large part, independent of p21 induction.
Instead, butyrate-induced growth arrest appears to
result from perturbation of the Rb signaling axis at the
fevel of or at a stage prior to g:yclin D1 expression.

introduction

Butyrate is a nontoxic short-chain fatty acid that is produced
naturally during the microbial fermentation of dietary fiber in
the colon (1). Millimolar concentrations of butyrate have been
reported to cause a G, block, inhibition of cellular prolifera-
tion, and inhibition of onset of DNA synthesis in a large
number of cultured cell types, including Chinese hamster
ovary cells (2), adenovirus-infected and uninfected Hela
cells (3), 3T3 mouse fibroblasts (4), normal apd SV40-trans-
formed human Kkeratinocytes (5), and normal and Rous sar-
coma virus-transformed chicken heart mesenchymal cells
(6). Al of these reports are consistent with a butyrate-medi-
ated cell cycle block, thought to be in the G, phase of the cell
cycle (7). The butyrate cell cycle block is associated with a
putative restriction point related to termination of expression
of a labile protein (7, 8). However, the precise mechanisms of
sodium butyrate-induced G, Tarrest have not been eluci-
dated.

Butyrate resulting from colonic fermentation of dietary fi-
ber may exert an antiproliferative effect upon the epithelial
cells of the mucosal epithelium (8). Therefore, it has been
proposed that naturally occurring dietary fiber-derived bu-
tyrate protects against cancer of the colon (9, 10). Due to
their potent antiproliferative effects and lack of toxicity, bu-
tyrate compounds have also received some attention as
potential cancer therapeutic agents. Understanding the
mechanisms whereby butyrate inhibits cell cycle progression
may enable identification of novel targets for therapies
against cancer and, possibly, other proliferative disorders.
This information could also provide new insight into normal
mechanisms of cell growth control. Therefore, there is con-
siderable interest in defining the mechanisms of butyrate-
induced growth arrest.

Mitogen-stimulated progression through the replicative
cell cycle is mediated by intracellular signal transduction
events, involving generation of second messengers, activa-
tion of protein kinase cascades, and gene transcription (re-
viewed in Refs. 11-13). It is probable that butyrate-induced
growth arrest results from modification or perturbation of
these crucial mitogenic signaling events. Indeed, several in-
vestigators have demonstrated effects of butyrate on some
of the mitogenic signaling events that are considered to be
important for normal cell cycle progression. -

However, despite reports of correlations between G, ar-
rest and perturbation of certain mitogenic signaling events,
there exists a certain amount of confusion in the literature
regarding the nature of responses of specific signaling
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events to-treatment with butyrate. For example, expression
of cyclin D, a key regulator of G, progression, has been
reported to be both induced (14) and supp’ressed (15} in
response to sodium butyrate. Such discrepancies may re-
sult, in part, from the fact that many studies of butyrate
action have been performed using tumor-derived cells.
Transformed cell lines are inherently genetically unstable and
are likely to have acquired numerous mutations, during both
tumorigenesis and selection in culture. Potentially, such le-
sions could have profound effects on mitogenic signal trans-
duction pathways, thereby resulting in idiosynchratic re-
sponses to butyrate. -

We have attempted to resolve some of the controversy
regarding molecular mechanisms of sodium butyrate-
induced G, arrest. In experiments described here, we have
tested the hypothesis that butyrate modifies mitogenic G1
signaling pathways in the context of a nontransformed cell
line with well-defined growth properties in culture. We chose
to use mouse 3T3 fibroblasts for these studies because
these nontransformed cells are stringently growth regulated
and have well-defined growth factor requirements in culture
{11). Moreover, much is known regarding the signal trans-
duction events that mediate responses to positive and neg-
ative regulators of growth in these cells. Importantly, many of
the findings relating to cell cycle regulation originally docu-
mented in 3T3 fibroblasts have since been shown to be
applicable to many other cells in culture and in vivo. Indeed,
results from numerous studies in 3T3 cells have provided a
paradigm for mammalian cell cycle control (11). Cell cycle
regulation as exemplified by 3T3 cells will be considered
briefly below. )

For exponential growth, 3T3 fibroblasts require exogenous
growth factors, usually provided by the addition of 10%
serum to the culture medium. However, upon transfer to
medium containing low concentrations (0.5%) of serum, the
cells exit the replicative cycle and undergo growth arrest (a
state also termed “quiescence” or “Gy"). Upon readdition of
10% serum to growth-arrested fibroblasts, the cells synchro-
nously reenter the cell cycle and, after a lag phase of ~12 h
(termed “G,"), begin to replicate their DNA. DNA synthesis (S
phase) lasts ~6 h and is followed by another 5~6-h lag phase
(G,), which precedes mitosis. Following mitosis, cells return
to the quiescent state or continue to cycle, depending upon
culture conditions, such as cell contact, or-on the local
concentration of growth factors (11).

Purified fibroblast mitogens, such as 'PDGF? (which ac-
counts for much of the mitogenic activity present in serum),
are sufficient to stimulate quiescent cells through G, and into
S phase. To progress through G, into S phase, cells require
continuous stimulation by mitogen up until a point ~1 h prior
to S phase (termed the “R"-point, probably equivalent to
“START" in yeast). Upon reaching the R-point, the cells

"~become committed to replicate their DNA,_even in the ab-

sence of exogenously added growth factors. Therefore, G, is

3 The abbreviations used are: POGF, platelet-derived growth factor; CDK,
cyclin-dependent kinase; Rb, retinoblastoma protein; MEF, mouse em-
bryo fibroblast; PDGFR, PDGF receptor; CAT, chloramphenicbl acetyl-
transferase; HPV, human papilloma virus.

a critical “decision-making” time in which cells commit to
enter S phase and replicate their genetic material or remain
in a quiescent state (11). Some of the key molecular signals
that influence this decision-making process are described

~ below.

Binding of growth factors (such as PDGF) to app?opriate
cell surface receptors initiates a series of temporally ordered
intracellular events, including activation of small G-proteins,
generation of second messénger molecules, and stimulation
of protein kinase cascades (11-13). These events result in
the transcription of genes, the products of which enable cells
to progress through G,. Some of the critical signaling events
that oceur in late G, and are absolutely necessary for initia-
tion of DNA replication are summarized as follows. Mitogen-
induced cyclin D expression begins during mid-G, and re-
sults in activation of CDKs 4 and 6. Active CDK-cyclin D
complexes phosphorylate the Rb tumor suppressor protein
and also, most probably, other important substrates. Rb
phosphorylation results in release of an inhibitory constraint
(imposed by hypophosphorylated Rb) upon the E2F tran-
scription factor. Transcriptionally active heterodimers of E2F

-and DP (E2F-related proteins) promote the expression of a

subset of genes, including cyclin E. E2F induction of cyclin E
may constitute a positive feedback loop, resulting in further
increases in CDK activity; Rb phosphorylation, and “free”
E2F. The products of E2F-regulated genes (including cyclins
E and A) are thought to enable cells to enter S phase (13, 16,
17). It is not yet clear precisely how these signals regulate
assembly and activation of the DNA replication machinery.
Nevertheless, accumulation of sufficiently high levels of E2F
is a critical determinant of entry into S phase. Indeed, forced
expression of E2F alone is sufficient to stimulate quiescent
cultured cells to replicate their DNA (18). Mitogenic G, sig-
naling events are also subject to negative regulation. For
example, CDK inhibitors (such as p21/CIP/WAF and p27)
that are expressed in response to antiproliferative stimuli
(e.g., cytokines and genotoxic agents) can inhibit the kinase
activity of CDKs, thereby eliciting proliferative arrest (19, 20).

In experiménts described here, we have tested the effects
of butyrate on cell cycle progression and on key signaling
events that regulate passage through Gj. We show that
butyrate induces expression of the p21 CDK inhibitor at the
transcriptional level and that butyrate-induced cell cycle ar-
rest results in large part from disruption of the Rb signaling
axis. Surprisingly, however, we have found that p21 is dis-
pénsable for butyrate-induced growth arrest. Instead, inhi-
bition of cyclin D1 expression provides a potential mecha-
nism for butyrate-induced arrest in G;.

Results

Butyrate-induced G, Arrest Is p53 Independent. The
product of the p53 tumor suppressor gene is stabilized and
activated in response to a variety of growth-inhibitory stimuli,
notably genotoxic-agents such as UV light and ionizing ra-
diation (20). When active, p53 can elicit growth arrest in the
G, phase of the cell cycle or apoptosis (depending on cell

. type and nature of stimulus). Because butyrate is known o

arrest many cell types in G, and is also reported to induce
apoptosis in some cell lines, we considered the possibility
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Fig. 1. Dose-response curves for inhibition of mitogenesis by butyrate in
p53+/+ and p53—/~ MEFs. Quiescent cuiltures of pS3+/+ (O) or p53—/—
(®) MEFs were stimulated with 10% serum for 24 h without or with varying
doses of sodium butyrate and 1 pCi/ml of PHjthymidine. After 24 h of
serum stimulation, the incorporation of tritiated thymidine into genomic
DNA was determined by scintillation counting of solubilized nuclei, as
described in “Materials and Methods.” Data points, means of duplicate
determinations, which differed by <5%. Error bars have been omitted for
clarity.

that p53 may mediate these responses. Therefore, to test
this hypothesis, we obtained primary cultured MEFs that had
been derived from wild-type (pSé-i;/+) and p53-deficient
(p53—/—) transgenic animals (kindly provided by Dr. Tyler
Jacks, Massachusetts Institute of Technology). - To test
whether p53 deficiency affected butyrate-induced G, arrest,
we compared the susceptibility of p53+/+ and p53—/- cells
to inhibition of G, progression by sodium butyrate.

We arrested the p53+/+ and —/— MEFs in Gg by serum
deprivation for 48 h. The resulting cultures of quiescent cells
were stimulated to reenter the cell cycle with serum in the
absence or presence of varying concentrations of butyrate.
BH]Thymidine incorporation into genomic DNA was meas-
ured (as described in “Materials and Methods”) to provide an
index of entry into S phase. As shown in Fig. 1, butyrate
prevented entry into Sphaseina dose-dependent manner in
both cell lines. The dose-response curves for butyrate-in-
duced G, arrest in pS3+/+ and p53—/— MEFs were indis-

. tinguishable. These data showed that lack of p53 did not
preclude G, arrest in response to butyrate. Therefore, buty- -

rate elicited G, arrestin a p53-independent manner.
Induction of p21 Transcripts during Butyrate-induced
G, Arrest. Having eliminated a role for p53 in butyrate-
induced G, arrest, we investigated alternative mechanisms
whereby butyrate might inhibit progression through Gi. In
recent years, the p21 CDK inhibitor, which negatively regu-
jates cell cycle.progression in G,, has~been shown to be
expressed at high levels in response to a variety of antipro-
liferative stimuli (including some cytokines and DNA-damag-
ing agents; reviewed in Refs. 19 and 20). We hypothesized
that butyrate-induced G, arrest may be mediated by
changes in p21 expression. p21 -mediated G, arrest resulting
from genotoxic agents is believed to result from a linear

sequence of events involving activation of pS53, transcrip- .

tional induction of the p21 gene by active p53, and inhibition
of CDK activities by high level p21 expression (19, 20). Al-
though our studies with p53-deficient MEFs suggested no
role for p53 in butyrate-induced G, arrest, it remained pos-
sible that butyrate might elicit G, arrestina p21-dependent
(yet p53-independent) manner. Indeed, regions of the p21
promoter other than the p53-binding sites have been shown
to be responsive to antiproliferative stimuli (such as those
resulting from transforming growth factor 8 or induction of
_ terminal differentiation; see Refs. 21 and 22). '

Therefore, we tested the possible involvement of p21 in
butyrate-induced cell cycle arrest. We performed RNA blot-
ting experiments to analyze the expression of p21 mRNA
under conditions of butyrate-induced cell cycle arrest. As
shown in Fig. 2a, butyrate-treated 3T3 cells expressed high
levels of p21 transcripts relative to control untreated fibro-
blasts. FACScan analysis of propidium iodide-stained nuclei
from control and butyrate-treated cells indicated that 92% of
the butyrate-treated cells were arrested in G, relative to
54% of control cells (Fig. 2b). The large fold induction of p21
mRNA levels during butyrate-induced G, arrest (Fig. 2) is
comparable to the fold increase of p21 transcription that is
elicited by other cytostatic agents.

Potentially, putyrate-induced p21 expression could have
resulted from increased transcription of the p21 gene or
increased stability of the p21 transcript. While our studies
were in progress, Nakano et al. (23) reported that butyrate-
induced accumulation of p21 transcripts and activation of
heterologous p21 promoter-luciferase constructs in a p53-
deficient human colon adenocarcinoma cell line. This study
demonstrated that p21 expression was transcriptionally in-
duced by butyrate in a p53-independent manner. We per-
formed similar experiments in p53-proficient and p53-
compromised MEFs?* and have obtained essentially similar
results. In our experiments, heterologous p21 promoter-
juciferase constructs with deletions or mutations in the p53-
binding site also retained butyrate inducibility in p53-profi-

- clent as well as in p53-deficient cells. Because similar
studies had already been published by another group (23),
we chose not to duplicate those results here. Nevertheless,
our unpublished experiments® and those of Nakano et al. (23)
have shown that induction of p21 by butyrate can be ac-
counted for by p53-independent transcriptional regulation.

p21 Is Not Required for Butyrate-induced G, Arrest.
The experiments described above indicated a correlation
petween butyrate-induced p21 expression and G, arrest. To
test the hypothesis that p21 mediated sodium butyrate-in-
duced G, arrest, we studied the effects of butyrate on cell
cycle progression in cultures of fibroblasts from p21-defi-
cient (p21-/-) transgenic mice. We stimulated quiescent
cultures of p21+/+ and p21-/— MEFs with serum in the
presence of varying doses of butyrate. We measured the
incorporation of {PH}thymidine into genomic DNA to provide
an index of G{progression and entry into S phase. Surpris-
ingly, both the p21 +/+ and p21—/— cells were susceptible

- to butyrate-induced cell cycle arrestin G, (Fig. 3). The dose-

4 G. Vaziri and D. V. Faller, unpublished data.
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Fig. 2. Induction of p21 transcripts and G, arrest by butyrate in 3T3
fibroblasts. Exponentially growing cultures of 373 fibroblasts were treated
with the indicated concentrations of butyrate for 24 h. a, RNA samples
from control and butyrate-treated cells were analyzed for p21 expression
by RNA blot analysis. In a parallei experiment, growing cells were placed
in fresh serum-containing medium with or without 5 mm butyrate or in
medium containing reduced-serum (0.5%). b, 24 hours later, the fibro-
blasts were analyzed for cell cycle distribution by FACScan analysis, as
described in “Materials and Methods.”

response curves for butyrate-induced G,-arrest in p21—-/-

and p21+/+ cells were indistinguishable (Fig. 3). These data

showed that p21 was not required for butyrate-induced cell
cycle arrest.’ )

Butyrate Inhibition of Cyclin D1 Expression. The exper-

iments described above indicated that p21-independent

. mechanism(s) must account for butyrate-induced inhibition
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Fig. 3. Dose-response curves for inhibition of mitogenesis by butyrate in
p21+/+ and p21~/— MEFs. Quiescent cultures of p21+/+ (®) or p21—/—
{O) MEFs were stimulated with 10% serum for 24 h without or with varying
concentrations of sodium butyrate and 1 pCi/mi PHithymidine. Twenty-
four h later, the incorporation of [PH]thymidine into genomic DNA was
measured as described in “Materials and Methods.” Data points, means
of duplicate determinations, which differed by <5%. Error bars have been
omitted for clarity.
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Fig. 4. Effects of butyrate on mitogen-induced cyclin D protein in 3T3
cells. Quiescent cultures of 3T3 cells were stimulated with 10% serum
without or with 5 mm sodium butyrate for 12 h. At this time, cytosolic
extracts were prepared from the cells. One hundred pg of each cytosoiic
extract was separated on-a 10% polyacrylamide gel. After transfer to
nitrocellulose, samples were probed with polycional antisera to cyclin D.
Bound antibodies were visualized using alkaline phosphatase-conjugated
secondary antisera.

of cell cyéle progression. Transitions between different
phases of the cell cycle are regulated by the activities of
CDKs. CDK activities are, in turn, dependent upon the ex-
pression of appropriate cyclin proteins (reviewed in Refs. 13,
16, and 17). Thus, progression through G, and into S phase
requires the sequential expression of cyclins D, E, and A (and
concomitant activation of their CDK partners). Because bu-
tyrate arrested cell cycle progression during G,, we asked
whether mitogen-regulated expression of cyclins was per-

turbed by butyrate treatment. Therefore, we performed im-

munaoblot analysis of cyclin expression in cell extracts from
quiescent, serum-stimulated, and serum-plus butyrate-
treated 3T3 fibroblasts. As expected, cyclin D protein levels
were induced (relative to quiescent cells) at time points cor-
responding to mid-G, in serum-stimulated cells (Fig. 4).
However, in the presence of butyrate, serum failed to induce
cyclin D expression at these (or any other) time points. RNA
blotting experiments showed that butyrate inhibited mito-
gen-induced accumulation of cyclin D1 transcripts in 373
cells, as well as in embryonic fibroblasts from p21+/+ and
p21-/— mice (Fig. 5). To test the specificity of the effect of
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Fig. 5. Effect of butyrate on mitogen-induced cyclin D_expression in
p21+/+ and p21—/— MEFs. a, quiescent cultures of 3T3 fibrobiasts,
p21+/+ MEFs, and p21 —~/— MEFs were stimulated with 10% serum
without or with 5 mm sodium butyrate. Eight h later, RNA"was extracted
from the cells. Twenty pg of total RNA from each sample were electro-
phoresed on a 1% agarose gel, transferred to nitroceltulose, and hybrid-
ized with a random-primed cyclin D1 cDNA probe. Top, autoradiogram of
the washed blot; middle, autoradiogram of the same blot after reprobing
with a random-primed cyclin D2 cONA; bottom, a photograph of the
ethidium bromide-stained 28S and 18S RNAs and provides a controf for
equivalent loading of samples. b, quiescent cultures of p21—/— MEFs
were treated without or with 10% serum in the presence of varying
concentrations of sodium butyrate for 8 h. At this time, cytosolic extracts
were prepared from the cells. One hundred pg of each cytosolic extract
were separated on a 10% polyacrylamide gel. After transfer to nitrocel-
lulose, samples were probed with polyclonal antisera to cyclin D1 as
described in “Materials and Methods.” ’

butyrate on cyclin D1 expression, we also probed the RNA
blot shown in Fig. 5 with a radiolabeled murine cyclin D2
cDNA. As shown in Fig. 5, butyrate treatment did not signif-
icantly affect cyclin D2 mRNA levels in any cell line tested.
Surprisingly, 3T3 cells and embryonic fibroblasts from
p21+/+ and p21~—/— mice each expressed markedly differ-
ent basal (and mitogen-stimulated) levels of cyclin D2 mRNA.
The reason for the differential pattern of cyclin D2 expression
between these cell types is not known. Nevertheless, these
data showed that cyclin D1 mRNA expression was inhibited
relatively specifically in a p21-independent manner. These
results identified inhibition of cyclin D1 expression as a po-
tential mechanism for p21-independent butyrate-induced
growth arrest. Indeed, butyrate inhibited cyclin D1 expres-
sion and G, progression with a similar dose dependencies
{please compare butyrate concentrations used in Figs. 3 and
5b for inhibition of mitogenesis and cyclin D expression,
respectively, in p21-/— cells). ’

Mechanism of Inhibition of Cyclin D1 Expression by
Butyrate. The butyrate-induced changes in cyclin D1 ex-
pression could potentially have resulted from decreased sta-
bility of cyclin D1 mRNA or from reduced transcription of the
cyclin D1 gene. To distinguish between these possibilities,
we performed transient transfection experiments using a
heterologous reporter gene construct containing the pro-
moter region of the cyclin D1 gene linked to a luciferase
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Fig. 6. Effect of butyrate on transiently transfected cyclin D1 promoter-
driven reporter gene activity. 3T3 cells in 10-cm culture dishes were
transfected overnight with 10 pg of —1745 D1 -luciferase and 20 pg of
—373 PDGF-BR-CAT using coprecipitation of plasmid DNAs with calcium
phosphate. Transfected cells were placed in medium containing reduced
{0.5%) serum to elicit growth arrest. The resulting quiescent cells were
stimulated with 10% serum in the absence or presence of 5 mm sodium
butyrate for 12 h. Cytosolic extracts were prepared as described in
“Materials and Methods.™ A portion of each lysate was assayed for lucif-
erase (top) and CAT (bottom) activity. Bottom, an autoradiogram of the
developed TLC piate used to separate the products of the CAT reaction.
Arrow, position of the diacetylated ['“C]chloramphenicol product.

reporter cDNA (designated —1745 D1-LUC). Cultures of 3T3
cells were cotransfected with the cyclin D1 promoter-lucif-
erase construct and a PDGFR promoter-CAT reporter con-
struct (as an internal control). The transfected cultures of
fibroblasts were rendered quiescent by serum starvation for
24 h. The resulting cells were then incubated for an additional
12 h with 10% serum in the absence or presence of 5 mm
butyrate (or with no serum as a control). At this time, cyto-
solic extracts were harvested from the cells as described in
“Materials and Methods.” Each extract was assayed for both
luciferase and CAT activity (to provide indications of cyclin
D1 and PDGFR promoter-driven reporter gene expression,
respectively). As expected, serum stimulation induced. ex-
pression of the cyclin D1 promoter-driven juciferase reporter
gene relative to control quiescent cultures. However, in the
presence of butyrate, mitogen-stimulated luciferase activity -
was fully attenuated (Fig. 6). Therefore, butyrate prevented
serum-dependent activation of the cyclin D1 promoter. The
effect of butyrate on the cyclin D1 promoter was relatively
specific because PDGFR promoter-dependent transcription
of a CAT cDNA in the same cultures of 3T3 cells was unaf- -
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Fig. 7. Effects of butyrate on mitogen-dependent Rb phosphorylation and expression of cyclins E and A in 3T3 fibroblasts. a, quiescent cultures of p21+/+
and p21—/— cells were stimulated with 10% serum without or with 5 mm sodium butyrate for 13 h. At this time, cytosolic extracts were prepared from the
cells. One hundred pg of each cytosolic extract were separated on a 6% polyacrylamide gel. After transfer to nitrocellulose, samples were probed with
polyclonal antisera to Rb. Bound antibodies were visualized using an ECL kit (Amersham). Arrows, positions of the slowly migrating hyperphosphorylated
Rb bands. b, construct containing the promoter region of the murine cyclin E gene upstream of a firefly luciferase cONA was stably transfected into 373
cells as described in “Materials and Methods.” Quiescent cultures of stably transfected cells were stimutated without or with 10% serum and varying doses
of sodium butyrate for 13 h. Detergent lysates from the cells were normalized for protein content and assayed for luciferase activity, as described in
“Materials and Methods.” In the experiment shown, luciferase activity in unstimulated cells (which received neither serum nor butyrate) was 238 * 146 cpm.
¢, quiescent cultures of 3T3 cells were stimulated with 10% serum without or with 5 mm sodium butyrate for 13 h. At this time, cytosolic extracts were
prepared from the cells. One hundred pg of each cytosolic extract were separated on a 6% polyacrylamide gel. After transfer to nitrocellulose, samples
were probed with polyclonal antisera to Rb {top), cyclin E (middle), or cyclin A (botton). Bound antibodies were visualized using alkaline phosphatase-

conjugated secondary antisera.

fected by butyrate (Fig. 6). These data demonstrated that
relatively specific transcriptional mechanisms could account
for inhibition of cyclin D1 expression in response to butyrate.
Butyrate Perturbs G, Signaling Events Distal to Cyclin
D Expression. When activated, cyclin D-dependent kinases
(CDKs 4 and 6) phosphorylate multiple sites upon the Rb
tumor suppressor protein (13, 16, 17). Phosphorylation of Rb
by CDKs relieves an inhibitory constraint that is imposed by
hypophosphorylated Rb upon the E2F transcription factor
family of proteins. Thus, phosphorylation of Rb by CDKs
enables the transcriptional activation of E2F-regulated genes
(including those encoding cyclins E and A, dihydrofolate
reductase, and many others), the products of which are
thought to mediate entry into S phase. As described above,
butyrate treatment prevented mitogen-induced expression
of cyclin D1. Therefore, we tested whether inhibition of cyclin
D by butyrate was sufficient to perturb more distal mitogenic
events, namely, Rb phosphorylation and activation of E2F-
dependent promoters, : '
Hyperphosphorylated Rb protein migrates with a charac-

teristic retarded electrophoretic mobility (relative to.

hypophosphorylated Rb) an SDS-polyacrylamide gels. We
tested whether butyrate treatment affected the phosphoryi-
ation of Rb, a process known to be carried out by active
cyclin D-CDK complexes during mid- to late G,. We per-

formed immunoblot analysis of cytosolic lysates from quies-

_cent, serum-stimulated, and serum-plus butyrate-treated

cells using an anti-Rb antibody. As expected, serum stimu-
|ation elicited a band shift characteristic of hyperphosphory-
lated Rb in both p21+/+ and p21—-/— MEFs (Fig. 7a). How-
ever, this mobility shift did not occur in Rb that was present
in lysates from butyrate-treated cells (Fig. 7a). Therefore,
butyrate prevented mitogen-dependent phosphorylation of
Rb in a p21-independent manner.

As already noted, hypophosphorylated Rb negatively reg-
ulates E2F activation and entry into S phase. Entry into S
phase is mediated by transcriptional induction of E2F-regu-
lated genes, including cyclin E. We tested whether butyrate
inhibition of Rb phosphorylation was sufficient to perturb
downstream E2F-dependent events. We generated a 3T3
cell line stably,expréssing a plasmid containing 895 bp of the
5’ region of the murine cyclin E gene linked to a luciferase
reporter cDNA. Mitogen-regulated transcription of the lucif-
erase reporter gene from this construct is entirely dependent
upon E2F sites within this region of the promoter (24). As
expected, serum induced an increase (~8-fold in the exper-
iment shown) in the expression of cyclin E promoter-driven
luciferase activity in the stably transfected cells (Fig. 7b).
Serum-induced luciferase activity was inhibited by sodium
butyrate in a dose-dependent manner (Fig. 7b). The dose-
response curves for inhibition of cyclin E promoter activity by
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butyrate were simifar to the values.we obtained for inhibition
of mitogenesis and cyclin D expression. .

To further test our hypothesis that Rb-deper/\dent events
are perturbed by butyrate, we performed immunobilot anal-
ysis of cyclin E and cyclin A proteins (the mitogen-induced
expression of which is mediated by E2F sites within the
promoter regions of the genes encoding these proteins) in
quiescent, mitogen-stimulated, and mitogen- and butyrate-
treated cells. As shown in Fig. 7¢, the serum-dependent
expression of both cyclins A and E was prevented by buty-
rate, concomitantly with inhibition of Rb phosphorylation.
Overall, the data described above showed.a good correlation
between perturbation of the Rb signaling pathway and
butyrate-induced G, arrest.

HPV-E7-expressing Cells Display Increased Resist-
ance to Butyrate-induced G, Arrest. Our data suggested
that butyrate-induced disruption of the Rb signaling path-
way may cause G, arrest. To test this hypothesis we
adopted a “loss of function approach” and engineered
3T3-derived cell lines with defects in Rb function. When
expressed, certain viral oncoproteins such as the HPV E7
protein, bind to and sequester Rb and the Rb-related p107
and p130 pocket proteins. The binding of Rb by viral
oncoproteins abrogates the requirement for Rb phospho-
rylation which ordinarily regulates E2F transcriptional ac-
tivity (25, 26). Deregulated E2F activity in HPV E7-express-
ing cells is thought to contribute to defective checkpoint
controls and aberrant prolifération. We have used retrovi-
ral vectors to generate 3T3 cells expressing stably inte-
grated HPV E7 genes. As expected, the resulting E7-
expressing cells displayed high levels of E2F activity, grew
to high density, and showed a high degree of serum-
independent proliferation relative to control cell lines that
were infected with an “empty” retroviral vector (data not
shown). Therefore, E7 expression resulted in loss of nor-
mal Rb-mediated checkpoints in these cells.

We compared the butyrate sensitivity of mitogen-
stimulated G, progression in control cells expressing vector
alone (designated “SXSN”), cells. expressing the HPV E6
gene (which when expressed elicits ubiquitination and pro-
teolysis of p53; see Ref. 27), and cells expressing stably
integrated HPV E7, alone or in combination with the E6 gene
(designated “SE7” and “SEGE7” respectively). As expected,
abrogation of p53 function by E6 expression had no effect on
sensitivity to butyrate-induced G, arrest. However, cell lines
expressing HPV E7 (alone or in combination with E6) dis-
played markedly increased resistance to butyrate-induced
growth arrest. As shown in Fig. 8 a dose of 3 mm butyrate,
which elicited 80% inhibition of S-phase entry in control (or
HPV E6-expressing) cells, only inhibited entry into S phase
by ~38% in HPV E7-expressing fibroblasts. These data
showed that functional inactivation of Rb (and other pocket
proteins) but not of p53 resulted in decreased sensitivity to
the cytostatic actions of butyrate. These data support our
hypothesis that butyrate-induced G, arrest in normal cells
results, in large part, from a p53-p21-independent perturba-
tion of the Rb signaling axis. '

L

b O 'sxsN
2= ® SE6
ws A sE?
[ E A SE6E?
20

i

PR

S

=

0 T T 1
0 1 2 3

[Butyrate]
(mM)

Fig. 8. Effect of HPV oncoprotein expression on sensitivity to butyrate-
induced G, arrest in 3T3 cells. Retroviral vectors were used to express
HPV E6, E7, and E6 and E7 cDNAs in 3T3 cells. As a control, 3T3 celis
were infected with an empty retroviral vector lacking an ectopic gene. The
resulting cells were designated SXSN (O), SE6 (@), SE7 (2), and SE6ET (A)
and expressed empty vector, E6 cDNA, E7 cDNA, and E6 plus E7 cDNAs,
respectively. Cultures of serum-starved cells containing empty vector or
viral oncoproteins were stimulated with 10% serum for 24 h, without or
with varying concentrations of sodium butyrate and 1 pCi/ml of PHjthy-
midine. After 24 h, the incorporation of tritiated thymidine into genomic
DNA was determined by scintillation counting of solubilized nuclei as
described in “Materials and Methods.” These values are expressed as
percentage maximal serum-stimulated mitogenic response in the ab-
sence of butyrate. Data points, means of duplicate determinations, which
differed by <5%. Error bars have been omitted for clarity.

Discussion

Although butyrate is known to inhibit cell cycle progression,
the molecular basis of butyrate-induced G, arrest has not
been elucidated. We and others have hypothesized that in-
hibition of cell cycle progression in response to butyrate
results from modification of mitogenic signal transduction
event(s) during G,. In this report, we have tested the effects
of butyrate on mitogen-induced G, signaling events. Be-
cause p53 mediates growth inhibition in response to a variety
of stimuli, we initially investigated a possible role for pS3 in
butyrate-induced G, arrest. Our results demonstrate that
p53-deficient cells (p53—/— MEFs from transgenic animals
and fibroblasts expressing the HPV E6 oncoprotein in which
p53 levels and activity are markedly reduced) remain sus-
ceptible to butyrate-induced growth arrest. These data sug-
gest that p53 does not mediate butyrate-induced G, arrest.

_Because ~50% of human tumors have defects in p53 sig-

naling, our finding that p53-compromised cells are respon-
sive to butyrate-induced growth inhibition further empha-
sizes the potential value of butyrate and related compounds
for cancer therapy. -
Interestingly, we have shown that expression of the p21
CDK inhibitor gene (which is a mediator of p53-dependent
G, arrest) is induced by butyrate ina p53-in_dependent man-
ner in untransformed 3T3 cells (as well as in transformed 3T3
lines).? These data corroborate recent results from other

5 C. Vaziri, L. Stice, and D. V. Faller, unpublished observations.
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workers who have also demonstrated p53-independent tran-
scriptional induction of p21 in colon cancer cells (23). Be-
cause p21.inhibits the activities of CDKs which regulate cell
cycle progression, these data suggested a potential mech-

anism for butyrate-induced G, arrest. Therefore we tested

the hypothesis that p21 may mediaté growth arrest in re-
sponse to butyrate. We examined the susceptibility of p21-
deficient cells to butyrate-induced G, arrest. Surprisingly,
p21—/— cells (from transgenic animals with a p21-null
genetic background) were as sensitive as p21-proficient
(p21+/+) cells to butyrate-induced growth arrest. These
unexpected results suggested the existence of p21-inde—
peﬁdent pathways of butyrate-inducedgrowth arrest.

To identify putative p21-independent butyrate-induced le-
sions in G, mitogenic signaling events we analyzed the ex-
pression of the G; cyclins in cultures of synchronized fibro-
blasts. Cyclins are known to regulate transitions between
different phases of the cell cycle. Cyclin D, which is tran-
scriptionally induced during mid-G;, is the first cyclin to be
expressed following mitogen-stimulated entry into the cell
cycle (13). Our experiments have shown that butyrate inhib-
ited mitogen-dependent expression of cyclin D1 mRNA and
protein. In addition, our transient transfection experiments
using a heterologous cyclin D1 promoter-luciferase con-
struct showed that transcriptional mechanisms could ac-
count for the effect of butyrate on cyclin D1 expression. The
dose dependency for inhibition of cyclin D expression by
butyrate paralleled that of G, arrest in p21-deficient (and
p21-proficient) cells. Therefore, inhibition of cyclin D expres-
sion provides a mechanism for p21-independent butyrate-
induced G, arrest. Interestingly, expression of cyclin D2
mRNA was not significantly affected by butyrate, suggesting
that this D-type cyclin cannot compensate for cyclin D1
deficiency resulting from butyrate. It has been suggested
previously that the butyrate cell cycle block is related to
termination of expression of a labile protein (7). Potentially,
cyclin D1 may represent this (putative) labile protein.

Consistent with a putative role for cyclin D1 suppression in
butyrate-induced G, arrest, we have shown that mitogenic
events temporally distal to cyclin D expression (CDK activa-
tion and Rb phosphorylation, cyclin E expression, and cyclin
A expression) are inhibited by butyrate. Furthermore, abro-
gation of a requirement for cyclin D-dependent kinase activ-
ity and Rb phosphorylation by expression of the HPV E7
oncoprotein conferred resistance to the growth-inhibitory
actions of butyrate. Overall, these data suggest that butyrate
elicits G, arrest by perturbing the mitogen-dependent induc-
tion of cyclin D1 (and, consequently, also Rb-mediated sig-
naling events that normally occur distal to cyclin D1 expres-
sion), Interestingly, Wintersberger et al. (4) noted that SV40-
transformed cells displayed reduced sensitivity to bufyrate-
induced G, arrest. Like the HPV E7 oncoprotein, SV40 large

" T antigen contributes to cellular transformation by binding

and inactivating Rb (and other pocket proteins). Therefore,
abrogation of a requirement for cyclin D-dependent kinase
activity in SV40-transformed cells is likely to have conferred

the increased resistance to butyrate that was observed in the )

experiments of Wintersberger and colleagues (4).

Although HPV E7 expression in our study [and SV40 trans-
formation in the report by Wintersberger et al. (4)] did confer
significant resistance to butyrate-induced G, arrest, high
concentrations of butyrate did eventually inhibit entry into S
phase in these experiments. Cyclin E- and A-dependent
kinases are normally activated subsequent to cyclin D-CDK
and are essential for progression into S phase, even in the
absence of functional Rb. It is possible that induction of p21
expression by butyrate, and p21-mediated inhibition of cy-
clin E- and cyclin A-dependent kinases elicited G, arrest in
the viral oncoprotein-expressing cells. Therefore, our data
suggest the existence of at least two butyrate-induced le- -
sions in mitogenic G, signaling events: one at the level of
cyclin D1 expression, another resulting from p21 induction.

At least two other groups have noted effects of butyrate on
the expression of cyclin D1. Siavoshian et al.” (14) demon-
strated an increase in cyclin D expression in butyrate-treated
HT29 (human colon cancer) and HBL-100 (mammary epithe-
lial) cells (14). In contrast, Lallemand et al. (15) showed that
butyrate inhibited cyclin D expression in benzo(a)pyrene-
transformed BP-A31 fibroblasts. Our data are similar to
those reported by the latter group. The murine fibroblast cell
lines that we have used in our experiments are likely to be

 more closely related to the BP-A31 cell line (a fibroblast line

originally derived from Balb/c-3T3 fibroblasts) used by Lal-
lemand et al. (15). It is possible that mesenchymal cells [such
as the ones used in our study and the experiments of Lalle-
mand and colleagues (15)] respond differently from epithelial
cells [e.g., those used by Siavoshian and coworkers (14)] with
respect to cyclin D expression. Interestingly, butyrate was
found to stimulate p21 expression in HT29 cells. Therefore, it
is likely that induction of p21 (but not changes in cyclin D1
expression) resulting from butyrate treatment contribute to
G, arrest in this cell type.

Experiments are currently underway in our laboratory to
understand the mechanisms whereby butyrate perturbs cy-
clin D1 expression in normal untransformed mesenchymal
lines. Our data and the results of Lallemand et al. (15) have
shown that butyrate inhibits expression of a luciferase re-
porter gene driven by the cyclin D1 promoter. Transcription
of the cyclin D1 gene is thought to require the prior trans-
duction of mitogen-regulated signaling events (including
second messenger signals, protein kinase cascades, and
transcription of immediate-early response genes). The spe-
cific signaling cascades and transcription factors that medi-
ate mitogen-dependent expression of the cyclin D1 gene
have not yet been identified. However, the promoter region
of the cyclin D1 gene is known to be responsive to ectopi-
cally expressed v-ras and c-jun proto-oncogenes (28). Both
c-ras and c-jun proteins are considered to play important
roles in mitogen-stimulated cell cycle progression and may
have physiologically relevant roles in regulation of cyclin D1
expression. Therefore, signaling cascades involving ras and
c-jun represent potential targets for the growth-inhibitory
actions of sodium butyrate. Potentially, butyrate may perturb
the ordered regulation of these mitogen-induced second
messenger and transcriptional events. Alternatively, butyrate
might exert a direct effect on transcriptional regulation of the
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cyclinD1 gene, for example, direct modification of transcrip-
tion factor-DNA interactions at the cyclin D1 promoter.

Many studies have shown that butyrate and related com-
pounds affect chromatin structure and gene expression (29—
31). Butyrate is known to inhibit the activity of histone
deacetylases (2, 29). Recent studies suggest that histone
acetylation is an important transcriptional regulatory mech-
anism (32). Histone acetylation can alter nucleosomal posi-
tioning resulting in derepression of gene transcription (32—
34). It is possible, therefore, that many of the effects of
butyrate-on gene expression result from changes in the
acetylation state of histones. Cell cycle progression requires
regulation and integration of numerous transcriptional
events. It is possible that deregulatxon of these events by
butyrate (due to changes in histone acetylation) perturbs
progression through G,.

Yoshida and Beppu (35) have reported that trichostatin A,
a potent and selective inhibitor of histone deacetylase activ-
ity, can elicit arrest in G, and in G, in rat 3Y1 cells (35). We
have obtained Similar results in experiments with 3T3 cells.®
it is possible, therefore, that butyrate-induced G, arrest re-
sults, in large part, from hyperacetylation of histones. Our
laboratory has recently developed a series of butyrate ana-
logues and derivatives for treatment of p-thalassemia and
other disorders of globin expression (36-38). Not all of these
compounds affect histone deacetylase activity. We plan to
test whether these compounds affect cell cycle progression
and mitogen-regulated signaling events (e.g., cyclin D1 ex-
pression). These experiments may enable us to establish
correlations (or dissociate between) inhibition of histone
deacetylase and cell cycle-regulated events (e.g., p21, cyclin
D1 expression, and G, progression).

In conclusion, we have shown that butyrate elicits G,
arrest, in large part, by perturbing the Rb signaling axis. At
least two distinct mechanisms contribute to butyrate-in-
duced G, arrest: {a) inhibition of cyclin D1 expression and b)
p53-independent induction of p21. Further studies are in
progress to identify the specific molecular lesions that me-
diate changes in cyclin D1 and p21 expression.

Materials and Methods

Cells and Culture. p21-/— and p53—/- MEFs and appropriate wild-
type control cell lines were provided by Ors. P. Leder (Harvard Medical
School) and T. Jacks (Massachusetts Institute of Technology), respec-
tively. Murine 3T3 cell lines (Balb 3T3, NIH 3T3, and Swiss 3T3 cells) were
obtained from the American Type Culture Collection. Identical results
were obtained with all three 3T3 cell lines. All cells were cultured in DMEM
containing 10% heat-inactivated bovine serim supplemented with gluta-
mine and peniciliin-streptomycin. HPV E6- and E7-expressing 3T3 cells
were generated by retroviral infection as described previously (39). Stably
infected cells were selected in medium containing 0.5 mg/ml G418. To
avoid artifacts due to clonal selection of aberrant cells, experiments were
performed with pools of G418-resistant cells. To generate cell lines stably
expressing the cyclin E promoter-luciferase construct Swiss 3T3 cells
were cotransfected with 30 ug of pCyc E ~795/+100 (24) and 2 pg of the
pCineo construct (Promega) to enable selection ‘of transfected cells. Sta-
bly transfected cells were selected in medium containing 0.5 mg/ml G418.
Experiments were performed using pooled colonies of "G418-resistant
cells.

6| Stice and D. V. Faller, unpublished data.

Transient Transfections and Reporter Gene Analysis. 3T3 cells in
10-cm culture dishes were transfected overnight with 10 pg of —1745
D1-luciferase and 20 pg of —373 PDGF BR-CAT using coprecipitation of
plasmid DNAs with calcium phosphate. Transfected cells were placed in
medium containing reduced (0.5%) serum to elicit growth armrest. The
resulting quiescent cells were stimulated with 10% serum in the absence
or presence of 5 mm sodium butyrate for 12 h. To assay /reporter gene
activity, the monolayers of fibroblasts were washed twice with 10 ml of
PBS. The washed cells were then scraped into 1X reporter lysis buffer
(Promega). To obtain cytosolic extracts, the suspensions of cells were
subject to two freeze-thaw cycies and centrifuged (10,000 X g; 5 min) to
remove nuclei and cellular debris. After normalizing for protein content,
aliquots of the clarified cytosolic supematants were assayed for both
luciferase and CAT activities according to standard protocols.

Mitogenic Assays and FACScan Analysis. To elicit growth arrest,
near-confluent cultures of cells were placed in medium containing 0.5%
serumn for 48 h. Serum-starved cultures were stimulated to enter the cell
cycle by addition of fresh serum (to a final concentration of 10%) to the
starvation medium. In some experiments, 1 uCi/mi [*H-methylJthymidine
was added to the cultures at the time of serum stimulation. To determine
relative rates of DNA synthesis, the incorporation of [*H]thymidine into
genomic DNA was determined by NaOH/SDS solubilization of trichloro-
acetic acid-fixed cells as described previously (39). For FACScan analysis,
monolayers of cells were washed in PBS, detached from the culture dish
with trypsin-EDTA, fixed in 35% ethanol, stained with propidium iodide,
and then analyzed on a Becton Dickinson flow cytometer as described
previously (39).

RNA Blot Analysis. RNA-was extracted from cells according to the

. single step method of Chomczynski and Sacchi (40). Twenty-ug samples

of total RNA were electrophoresed on formaldehyde/agarose gels as
described previously (39). The separated RNAs were transferred to nitro-

cellulose filters and probed with random-primed 32P-labeled cDNAs. Hy- -

bridization and high-stringency wash conditions were performed as de-
scribed previously (39).

Immunoblotting. Cytosolic extracts were prepared by detergent lysis
as described previously (39). Electrophoretic separation of proteins, trans-
fer to nitroceliulose filters, and probing and detection of antigens were
performed as described previously (39). The antibodies used in this study
were purchased from Santa Cruz Biotechnology (antimurine cyclins D1, E,
and A rabbit polyclonal antibodies) and PharMingen (antihuman Rb mono-
clonal antibody). )

Reproducibility and Statistical Analysis. All data shown are repre-
sentative of resuits from experiments which were performed at least three
times. Similar results were obtained on each occasion. All data points
shown are means of duplicates, which differed by <5%. On some graphs
containing multiple data points, error bars have been omitted for clarity.
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ABSTRACT

Multiple studies demonstrate that tumor cells which have recovered from hypoxic exposure
exhibit higher metastatic potential. Hypoxia is also known tb induce extravasation of leukocytes
during ischemic injury. We have recently identified and characterized a new adhesion ligand,
HAL1/13 (Hypoxia-Activated Ligand), which mediates the increase in leukocyte adhesion to
endothelium under hypoxic conditions (J. Immunol. 155: 802-810, 1995). The HAL1/13 antigen
was cloned and found to be identical to p86 subunit of Ku autoantigen. HAL1/13/Ku86 was
shown to be expressed on the surface of several leukemic cell lines and of rhabdomyosarcoma
cells, as well as normal endothelial cells after hypoxic exposure. In this study we demonstrate
that the HAL1/13 antigen is expressed on the surface of neuroblastoma (Kelly) and breast
carcinoma (MCF-7) cells. Furthermore, hypoxic exposure of neuroblastoma and breast
carcinoma cells resulted in upregulation of HAL1/13 surface expression, coincident with an
increased ability of these tumor cells to invade endothelial monolayers. This enhanced invasion
could be partially attenuated by the anti-HAL1/13 antibody. Hypoxia also potentiated
neuroblastoma and breast carcinoma cell transmigration through Matrigel filters, although their
haptotactic locomotion on laminin was not affected. ~Anti-HAL1/13 antibody inhibited
locomotion of hypoxic tumor cells on laminin. These studies indicate that HAL1/13/Ku86
antigen mediates, in part, the increased invasiveness of tumor cells induced by hypoxia, as well

as the adhesion of normal leukocytes to hypoxic endothelium.



INTRODUCTION

Endothelial cells from different sources, as well as rhabdomyosarcoma (RD) cells,
increase their adhesiveness for leukocytes when subjected to hypoxic treatment (12, 13). In a
functional screen of antibodies generated against membrane antigens on hypoxic RD cells, we
have identified and characterized a new cell surface molecule, HAL1/13 (Hypoxia-Activated
Ligand), which is expressed on both endothelial and RD cells, and which we have shown to

mediate the increased adhesion of leukocytes under hypoxic conditions (15).

In 1997, we identified the HAL1/13 antigen by expression cloning (16). The HAL1/13
antigen was found to be identical to p86 subunit of the DNA-binding protein, Ku, previously
identified as a target for autoantibodies produced by patients with systemic lupus erythematosus
and related rheumatic disorders (17), and as a regulatory subunit of the DNA-dependent protein
kinase (Han et al., 1996). In addition, éommercial antibodies raised against Ku86 recognized the
HAL1/13 antigen. Although Ku86 was initially thought to be a ﬂuclear antigen, Ku86 has been
recently found on the surface (18-20), and in the cytoplasm (Fewell and Kuff , 1996), of certain
cell types. More recent results from our laboratory have confirmed the ability of hypoxia to
induce translocation of HAL1/13-Ku86 from the nucleus to the plasma membrane. Furthermore,
we have shown that transfected HAL1/13-Ku86 localizes to the plasma membrane of NIH-3T3
cells, and enhances the adhesion of lymphocytes to these transfected cells (E. Lynch, R.

Moreland, I. Ginis, and D.V. Faller, manuscript in preparation).



Although the HAL1/13 antigen did not cluster with known leukocyte antigens, some
leukemic cell lines, including Jurkat, Molt-4, HL-60 and U937, reacted strongly with the anti-
HAL1/13 antibody (15). With the exception of rhabdomyosarcoma (RD) cells, solid tumor cell
lines have not been tested for the expression of HAL1/13. In this paper, we have studied the
effect of hypoxia on two other solid tumor cell lines, neuroblastoma (Kelly) and breast carcinoma
(MCE-7) cells, which express HAL1/13-Ku86 on their surface. We present evidence that when
these cells are exposed to low oxygen environments, their ability to invade endothelial cell
monolayer and to transmigrate through Matrigel-coated filters is increased, and surface
expression of HAL1/13-Ku86 is upregulated. Our results suggest that HAL1/13-Ku86 plays a

major role in regulating the invasive potential of tumor cells.



MATERIALS AND METHODS

Cell Cultures: Human umbilical vein endothelial cell (HUVEC) cultures have been
previously described (13). Early passages (4-6) of endothelial cells were grown to confluence on
10 cm cell culture dishes, then trypsinized, washed and plated at high density (approximately 5 x
105 cells/well) onto gelatin-coated 96 well microtiter plates (Nunclon, Denmark). These cultures
attained confluence 24-48 hours later and were used in adhesion experiments. Neuroblastoma
Kelly cells were obtained from the tissue culture facilities of the University of California, San
Francisco. Breast carcinoma cells (MCF-7) were obtained from the American Type Culture
Collection (Rockville, MD). Both cell lines were grown in Dulbecco Modified Eagle's Medium
(DMEM) supplemented with 10% Fetal Calf Serum (FCS) (Sigma, St. Louis), 2 mM L-

glutamine, 100 units/ml of penicillin and 100 pg/ml of streptomycin (Gibco Laboratories, Grand

Island, NY) at 37°C in a 5% CO» atmosphere.

Hypoxic Treatment of Tumor Cells: Subconfluent tumor cell cultures were covered
with 5 ml fresh culture medium (DMEM/10% FBS), containing 20 mM HEPES to prevent a pH
drop during hypoxic exposure. The plates were placed in modular incubator chambers (Billups
Rothenberg, Del Mar, CA) and flushed with a 5% CO,/95,% N, gas mixture for 30 min.
Chambers were agitated every 5 min to insure maximal gas exchange in the culture medium.
Oxygen concentration in the culture medium was monitored with an oxygen meter
(Microelectrodes, Inc., Bedford NH) and reached 10 torr at the end of treatment. The chambers
were sealed and incubated for various time intervals at 37° C. Incubation of tumor cells under

these hypoxic conditions had no significant effect on their viability: greater than 90% of cells




were alive at the end of incubation as assessed by trypan-blue exclusion. Cells continued to

proliferate after reoxygenation.

Flow Cytometry: Cells were trypsinized, washed with phosphate-buffered saline (PBS)
containing 0.5% bovine serum albumin and then incubated with the monoclonal antibody
directed against HAL1/13 (15) for 40 min at 49C in polystyrene round-bottom, 96-well plates.
The cells were then ‘washed and stained at 40C for 40 min with a 1:25 dilution of FITC-
conjugated F(ab') sheep anti-mouse antibodies (Organon Teknika Corporation; Westchester,

PA). The cells were fixed in 1% paraformaldehyde/PBS and analyzed on a Becton-Dickinson

FACScan flow cytometer (San Jose, CA).

Adhesion Centrifugation Assays were performed as described in detail elsewhere (12,
13). Briefly, normoxic and hypoxic tumor cells were trypsinized, loaded by incubation in 2 uM
of the fluorescent dye 2',7’bis(carboxyéthy1)-5-(and -6) carboxy-fluorescein acetoxy methyl ester
(Calcein) (Molecular Probes, Eugene, OR), and resuspended at 5x10%ml in normoxic
DMEM/10% FCS. Calcein-labeled tumor cells were added to 96-well plates coated with
confluent monolayers of endothelial cells, in a volume of 100 pl/well. Plates were then
incubated for 30 min at 37°C in a 5% COj humidified incubator. In antibody-blocking
experiments, the anti-HAL1/13 antibody was added to the tumor cell suspension just before
plating. The fluorescence intensity of plated cells was read on a CytoFluor 2300 Plate Scanner
(Millipore, Burlington, MA) at excitation and emission wavelengths of 485 and 530 nm,
respectively. The plates, along with adherent cells, were sealed with transparent plastic

(Dynatech Inc., Alexandria, VA), inverted and centrifuged at 100 x g, and the fluorescence of the




remaining adherent cells was read again and compared to initial fluorescence. Background
fluorescence was measured separately for each plate and subtracted from all readings. Each

experiment was performed in triplicate. The SD of repetitive readings was less than 30% of the

mean.

Endothelial Cell Monolayer Invasion Assay: The assay was adopted from La Reviere
et al. (21) and modified for quantitative measurements of invading cells using a Fluorescent Plate
Reader. The method is based on the observation that the endothelial cell monolayer shields
fluorescent-labeled tumor cells from the fluorescence detector, which is located beneath the
plate. In order to quantitate the fluorescence-shielding factor, equal numbers of fluorescent
beads or fluorescent-labeled cells were plated either onto uncoated wells of 96-well microtiter
plate or onto wells coated with a confluent monolayer of endothelial cells. The plate was spun at
500 rpm for 5 min. to insure equal sedimentation of the beéds or the cells onto the plate. The
signals detected from the beads in both cases were compared. The fluorescent signal from the
beads shielded by the endothelial cell monolayer was lowered by 16.17% compared to that of the
beads plated directly onto the bottom of the well (334428 vs 402426 fluorescent units)

(mean+SD; n=3, p<0.01). Based on this observation, the fluorescent signal of an invading tumor

cell (finv) would be 1.16 of the signal of a plated cell sitting on top of the endothelial monolayer
Epb):

finv =1.16 x fpl ¢))

The fluorescence of plated cells before initiation of invasion (Fo) could be calculated as:

Fo=Nxfpl 2) (where N is the number of plated cells)



Sinﬁlé.rly, the fluorescence of tumor cells (F), measured at the end of co-incubation with the
monolayer, could be calculated as a sum of the fluorescence of the invading cells (Finv) and of
those which remained on the apical surface of the endothelium, (Fap), where:

Finv = (Ninv x 1.16fpl) (3), where Ninv is the number of invading cells;

Fap = (N-Ninv)fpl 4)

F =Fap + Fintv o)
The percentage of invading cells (Ninv/N) could be calculated based on equations 1-5:

F—-d*Fo

% invading cells= 100 ¥ ——————
0.16*d*Fo

(where d is the dimming coefficient of the dye, which was found to be between 0.75 and 0.85 and

was measured in each experiment).

Each experiment was performed in triplicate. The SD of repetitive readings was less than 30% of

the mean.

Double Chamber Transmigration Assay: 6.5 mm filter inserts for 24-well plates
(Costar Corporation, Cambridge, MA) with a pore size large enough to be penetrated by tumor
cells (8 pm) were incubated overnight with 70 pl of a 1:50 dilution (0.2 mg/ml) of a reconstituted
basement membrane solution (Matrigel, Becton Dickinson), at room temperature. Tumor cells
exposed to normoxic or hypoxic environments were trypsinized, counted, and resuspended at
2x100 cells/ml in culture medium, and then plated onto filter inserts in a volume of 100 pl. 1 ml
of culture medium conditioned by normoxic tumor cells was added in lower chambers. The cells

plated onto inserts were incubated at 37°C in a 5% COp humidified atmosphere for 24 hours.




The inserts were then removed and those cells which had migrated into the lower chamber were

labeled with calcein (final concentration 2 uM, 30 min. at 37°C), and their fluorescence
(Fmigrated) was read with a CytoFluor 2300 Plate Scanner. In parallel experiments, the same

number of cells were plated directly onto the bottom of 24 well plates with no inserts. These

wells were immediately incubated with the fluorescent dye, calcein, and the cell fluorescence

(Fplated) was measured using a Fluorescent Plate Reader. The percentage of transmigrating cells

was calculated as:

% migrating cells = Fmigrated/Fplated x 100

Cell Motility Studies: Cell motility was measured by time lapse videomicroscopy
according to the method of Echtermeyer et al. (22). Tumor cells were subjected to hypoxia for
24 or 48 hours and resuspénded at 10%ml in DMEM. A small aliquot (50-100 pl) of the tumor
cell suspension was plated into 1 ml of pre-warmed DMEM on a 35 mm tissue culture dish
which had been pre-coated with lanﬁnin (by exposure to a 10 pg/ml solution for 2 hours at room
temperature, and then washed twice with PBS). The dish was placed on the microscope table,
and tumor cells were allowed to settle for 10 min before the start of videorecording. The
temperature in the plastic hood covering the microscope was maintained at 37°C during the entire
recording period (16-20 min). The image of the microscopic field was captured every minute,
yielding 16-20 images for each sample. Coordinates of single cells in a series of images were
measured using NIH Image software. The migration of 15-18 randomly-selected cells per field

was analyzed.

Statistical Analysis was carried out by means of the paired “Student’s” t-Test.
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RESULTS

Neuroblastoma (Kelly) and breast carcinoma (MCF-7) cells express the HAL1/13

antigen, and its expression is upregulated during hypoxic exposure.

The results of flow cytometric analysis of normoxic neuroblastoma and breast carcinoma
cells stained with anti-HAL1/13 antibody are presented on Figure 1A and C respectively. Both
cell lines were found to constitutively express HAL1/13. Incubation of these cells in hypoxic
environments for 24-48 hours resulted in consistent upregulation of HALL1/13 expression on their
surface. In neuroblastoma Kelly cells, the maximum effect of hypoxic treatment was observed at
24 hours (Fig. 1B); incubation of the cells in the hypoxic chambers for 48 hours did not further
increase HAIL1/13 expression (data not shown). Similar experiments in MCF-7 cells

demonstrated a time-dependent increase of HAL1/13 expression, with maximum expression at

48 hours (Fig. 1D).

Hypoxia stimulates tumor cell invasion of an endothelial cell monolayer.

We next determined whether hypoxia-induced expression of HAL1/13 on neuroblastoma
and breast carcinoma cells affects their interactions with endothelial cells. We hypothesized that
hypoxic tumor cells might become more invasive as a result of Hall/13 induction. This
hypothesis was tested by means of two in vitro techniques: a monolayer invasion assay, and
confocal microscopy. Tumor cells, loaded with fluorescent dye, were allowed to adhere to
endothelium for 30 min and non-adherent cells were then washed out. The remaining adherent
tumor cells were left on the endothelial monolayer for additional 4 hours. During this period,

some of the tumor cells invaded into the endothelial monolayer and diapedesed beneath it. The
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invading cells were brought into closer proximity to the fluorescence detector, which we
determined to result in a 16% increase in the fluorescence signal detected by the fluorescent plate
reader (see Methods for calculations and formulae). Having determined this empirical coefficient
relating the fluorescence of adhereﬁt tumor cells before and after invasion, it was possible to
calculate the percentage of invading cells. The results of these experiments are presented in
Figure 2. Only a small percentage (5.2%) of normoxic Kelly neuroblastoma cells were able to
invade an endothelial’ cell monolayer. After a 24 hour incubation under hypoxic conditions,
however, the fraction of invading tumor cells dramatically increased to 54.3% (n=7; p=0.001).
As shown in Figure 2A, the anti-HAL1/13 monoclonal antibody partially inhibited the ability of
hypoxic Kelly cells to invade endothelium, with the percentage of invading cells dropping to
27.8% (n=5; p=0.026). No additional increase in invasive potential was observed in
neuroblastoma cells when the hypoxic exposure was extended to 48 hours (53.1%; n=4). In
contrast, hypoxic exposure of MCF-7 cells resulted in a time-dependent increase in invasiveness,
from 11.3% in control cells to 47.06% in tumor cells subjected to 24 hours of hypoxia (n=5;
=0.012), and to 70.9% after 48 hours of exposure to hypoxia (n=5 p=0.01). The antibody
against HAL1/13 inhibited invasion of MCF-7 cells subjected to 24 and 48 hours of hypoxia, to
22.3% (n=6; p=0.05) and 34.7% (n=5; p=0.01) respectively (Fig.2B). Thus, these assays
correlated the hypoxia-activated invasive potential of tumor cells with the temporal course of
HAL1/13 induction by hypoxia, and showed that this invasiveness is dependent in large part

upon the presence of HAL1/13.

The results of the invasion assay did not depend on the ability of tumor cells to adhere to

endothelial cells. The data presented in Table 1 demonstrate that hypoxic exposure did not
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increase adhesion of either neuroblastoma or breast carcinoma cells to endothelial cells. In fact,
both tumor cell lines exhibited significantly decreased adhesion to endothelium after 24 and 48
hours of hypoxic treatment, respectively. The monoclonal antibody directed against HAL:1/13

had no effect on tumor adhesion to endothelium (Table 1).

To confirm the results of the invasion assay, neuroblastoma (Kelly) cell invasion of
endothelial cells was monitored by fluorescent confocal microscopy. Kelly cells were subjected |
to hypoxia for 48 hours, loaded with the fluorescent dye (calcein) and co-incubated with
confluent monolayers of endothelial cells for 4 hours. The monolayer was scanned on 5 different
levels, 4 pm apart. Figure 3A represents a microphotograph of normoxic Kelly cells taken on the
level 4 (17 pm from the top of the monolayer). Essentially no cells were seen at this level, under
these conditions. Microphotography of Kelly cells previously exposed to hypoxia, however,

taken at the same scanning level, demonstrated the presence of a significant number of invading

cells (Fig. 3B)

Hypoxia alters tumor cell interactions with extracellular matrices.

The effect of hypoxia on the ability of the tumor cells to cross basement membranes and
migrate along extracellular matrices (ECM) was tested in a transmigration assay using
polycarbonate filters coated with Matrigel mixture of ECM proteins. The results of these studies
are presented in Figure 4. The neuroblastoma cells were able to traverse Matrigel-coated
membranes more efficiently when first subjected to hypoxia for 24 hours (30.7 vs 22.7%, n=3
p=0.034). Baseline (normoxic) transmigration of breast carcinoma MCF-7 cells was lower than

that of neuroblastoma cells, but hypoxic exposure had a demonstrable effect on these cells as
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well, increasing their migration through the Matrigel-coated filters from 5.5% to 10.7 % (n=3;

p=0.002).

We next determined whether the effect of hypoxia on tumor cell migration through ECM
was associated with increased cell motility. Using computerized videomicroscopy, the
locomotion of Kelly or MCF-7 cells on a laminin-coated surface was traced. The results of one
such experiment are illustrated in Figure SA. Four MCF-7 cultures were subjected to 4 different
treatments (normoxia or hypoxia, with or without subsequent treatment with anti-HAL1/13
antibody), and plated onto 4 tissue culture dishes coated with laminin. The movements of 15-16
cells in each field were recorded by videomicroscopy, with images captured every minute for 16
min thus producing 4 sets of 16 images. Figure 5A illustrates the actual distances in pixels (1
pixel=1um) migrated by each individual cell. The horizontal bars indicate the mean distances
traversed for each type of treatment. Figure 5B is a summary of the results of 3-4 such
experiments for each tumor cell line. There was no effect of hypoxia on the motility of Kelly or
of MCF-7 cells on laminin. Pretreatment of hypoxic tumor cells with the anti-HAL1/13 antibody
for 1 hour before plating on laminin, however, resulted in a decrease of mean migration distances
(19.4% for Kelly cells, and 15.6% for MCF-7 cells; p=0.004 for both cell lines) (Fig. 5B). The

anti-HAL1/13 antibody had no effect on the motility of normoxic tumor cells.
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DISCUSSION

It has been known for many years that tumor oxygenation plays a significant role.in
responsiveness to radiation (23) and to anti-tumor drug therapy (24), and in the formation of
metastases (25). Similarly, in vitro studies have demonstrated that tumor cells which have
recovered from hypoxic exposure exhibit higher metastatic potential. Thus, cells isolated from
hypoxic regions of miurine tumors have been shown to have an increased lung colonization
capability (26). Similarly, exposure to hypoxia for 24 hours, followed by 18 hours of
reoxygenation, resulted in 14-fold and 6-fold increases in the lung colonization potential of
fibrosarcoma and melanoma cells, respectively (27). Another study demonstrated that 24-48 h
recovery from acidosis or glucose starvation resulted in a marked (30-fold) increase in metastatic
ability (28). Successive cycles of exposure to severe hypoxia up to 72 hours, or to mild hypoxia
up to 12 days, followed by growth to confluence for several weeks, permitted emergence of

metastatic variants from a non-metastatic clone of B16 melanoma (29).

The molecular events leading to this metastatic phenotype of hypoxic tumor cells remain
poorly understood, however. Young, et al. demonstrated DNA over-replication in anaerobic
culture of fibrosarcoma and melanoma cells after reoxygenation (27). Hypoxia was reported to
induce upregulation of cancer-related VL30 elements (30) and c-jun (31-33) and c-fos (16, 34,
35). Enhanced synthesis of so-called oxygen-regulated proteins, or ORP, has been observed in a
variety of rodent and human tumor cell lines exposed to low oxygen levels (36). Although the

role of tumor cell interactions with endothelium and extracellular matrices in the development of
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tumor metastases is well-documented, the effect of hypoxia on tumor adhesion receptors has not

been studied.

In this report, we demonstrate that neuroblastoma and breast carcinoma cells, when
subjected to low oxygen environments, increase their ability to invade endothelial cells in vitro.
While neuroblastoma or breast carcinoma cells previously exposed to ambient oxygen
concentrations remained adherent to the apical surface of endothelial cells during the entire
period of observation (4 hours), those same cells, if previously exposed to hypoxic conditions for
24-48 hours, acquired the ability to move through the monolayer. Cell movement through the
monolayer was also monitored with confocal microscopy, and this assay confirmed that the
majority of normoxic cells could be detected at the endothelial surface, while hypoxic tumor cells
invaded through the monolayer and resided at the bottom. A more invasive phenotype of
hypoxic tumor cells correlated with overexpression of HAL1/13, an endothelial cell surface
molecule, which has been recently reported to contribute to hypoxia-induced interactions of
endothelial cells (15) with leukocytes and later has been identified as the p86 subunit of Ku-

antigen (16).

Epithelial-like MCF-7 cells have been previously classified as intermediate filament
protein, vimentin (VM)-positive and estrogen receptor (ER)-negative. They form no colonies in
Matrigel, exhibit no chemotaxis, and do not metastasize in nude mice (37). Initially non-invasive
MCF-7 cells, which expressed high levels of HAL1/13 even before hypoxic exposure, responded
to hypoxic environments by further upregulation of HAL1/13 and demonstrated increased

invasiveness of endothelial cells. In contrast, MDA-MB-231 and Hs578T fibroblastoid cell lines
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represent a group of ER/VIM cells, and have been shown to form colonies in Matrigel
outgrowth assay, to be more invasive in the Boyden chamber chemoinvasion assay, and to
metastasize in nude mice. These cell lines exhibited high invasiveness even before hypoxic
treatment, and we were thus unable to detect any hypoxia-induced augmentation of invasiveness
in our assay (data not shown). These observation suggest that tumor cell invasion depends upon
multiple factors, with HAL1/13-Ku86 playing a role. Indeed, hypoxia-induced invasiveness of

neuroblastoma and bréast carcinoma cells was only partially inhibited by HAL1/13 antibodies.

ECM-degrading enzymes such as collagenase type IV and other metalloproteinases might
play a role here. We have recently shown that exposure to hypoxia upregulates collagenase type
IV (MMP-9) transcription and enzymatic activity in endothelial cells (32) [although similar
experiments in ovarian éarcinoma cell lines demonstrated either no hypoxia-induced increase of
metalloproteinase activity (40), or if such an increase was observed, no correlation with the
metastatic potential of the tumor cells (41, 42)]. Hypoxia was shown to upregulate the levels of
cathepsin (L+B) in murine sarcoma cells and increase their invasibn of Matrigel filters (Cuvier).
In this study we have investigated the effect of hypoxic environments on the ability of tumor
cells to both traverse ECM-coated membrane and to migrate on laminin, a major component of
basement membrane, which has been shown to promote locomotion of different types of cells
including tumor cells (43). The two cell lines studied exhibited different abilities to transmigrate
through a Matrigel filter, with Kelly more active than MCF-7, but both tumor cell lines
demonstrated increased transmigration upon hypoxic exposure. No transmigration was observed
if the medium in the bottom chamber was not conditioned by corresponding normoxic cells (or

even other cell types), suggesting that transmigration of tumor cells studied in our experiments
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was of chemotactic nature. Addition of medium conditioned by hypoxic tumor cells did not
affect the outcome of the transmigration assay (data not shown), indicating that increased
transmigration of hypoxic cells was not associated with the release of a new chemoattractant but
rather with changes in cell migration mechanisms, such as expression of new adhesion receptors
or cell movement machinery. However, non-directional movement of the tumor cells on laminin
was not affected by hypoxia, at least in this assay, in which we have measured the sum of the
distances which each cell migrated during 1 min intervals over 16-18 min of observation. [This
method is limited to independent straight-line displacements and does not take into account
locomotion at different angles between the measurements and cell rotation (44)]. One surprising
finding was the inhibitory effect of the anti-HAL1/13 antibody on the motility of hypoxic tumor
cells. While the antibody had no effect on normoxic tumor cells motility, it significantly
inhibited haptotaxis of hypoxic Kelly and MCF-7 cells by 19.4% and 15.6%, respectively,
suggesting perhaps a switch in the utilization of adhesion/locomotion molecules in these tumor

cells in response to hypoxic exposure.

Interaction of tumor cells with ECM is particularly important at the last stage of the
metastatic process, when blood-borne tumor cells transmigrate through the subendothelial
basement membrane and colonize the target organs. The effectiveness of this process depends on
interplay of different adhesion forces, on one hand allowing tumor cell movement along the
ECM, and on the other hand, trapping the cell at the site of metastasis. Interestingly, exposure of
neuroblastoma or breast carcinoma cells to hypoxic environments caused no significant increase
but rather a decrease, in their adhesion to endothelium. Decreased adhesion of hypoxic tumor

cells to endothelium was paralleled by decreased adhesion of tumor cells to each other. On
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average, 68.1+ 1.0% (mean + SD) of Kelly cells were able to withstand centrifugation force of 28
X g, and remained adherent to a monolayer of the same cells. Kelly cells subjected to hypoxia for
24 hours, however, decreased their adhesiveness to a cohﬂ_uent normoxic monolayer of Kelly
cells by 2 fold (28.3+ 4.1%; p=0.035) (Ginis, unpublished observations). Similarly, Hasan et al.
(38) observed detachment of hypoxic human melanoma cells from ECM, associated with
downregulation of integrin receptors and CD44 and N-CAM. In reciprocal experiments,
overexpression of the' fibronectin receptor in melanoma cells inhibited Matrigel invasion and

pulmonary metastasis by the transfectants (39).

Although the nuclear protein Ku86 has been studied in connection with DNA repair and
replication, recent observations demonstrate a role for Ku86 as a surface protein (18, 19) and a
participation in cell-cell interactions (20). The p86 subunit of the Ku antigen was identified as a
somatostatin receptor (distinct from the seven-transmembrane domain receptor), which regulates
activity of phosphatase-2A (L.e Romancer). Somatostatin and its analogs have been implicated in
the translocation of Ku86 to the nucleus in cancer cells (Tovafi) and in the modulation of
adhesion of leukocytes (Leszczynski) and cancer cells (Gastpar) to endothelium. Involvement of
somatostatin receptors in multiple signaling events, such as decreases of intracellular levels of
cAMP, decreases in intracellular Ca®* and PKA activity, and others (for the recent review see
Patel) suggests the possibility that surface Ku86 could also control cell adhesion and migration of
cancer cells, by transducing signals into a cell which cause cytoskeletal changes and/or changes
of affinity of adhesion receptors.  Our recent demonstration that transfection and ectopic
expression of (human) HAL1/13-Ku86 on (murine) NIH-3T3 fibroblasts confers the ability of

these normally non-adhesive cells to bind to a variety of human lymphoid cell lines, and this
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adhesion can be specifically blocked by HAL-1/13-neutralizing antibodies, confirms the ability
of HALL1/13-Ku86 to function as an adhesion molecule cells (E. Lynch, R. Moreland, 1. Ginis,
and D.V. Faller, manuscript in preparation). The etiology of the high level of membrane
localization of HAL1/13-Ku86 in tumor cells, and the mechanisms underlying its adhesive
function, are under investigation. Our recent findings ‘demonstrate that upregulation of
HAL1/13-Ku80 expression at the cell surface is mediated by translocation of the antigen from the
nucleus. '

In Summary, these studies indicate that the HAL1/13-Ku86 molecule may mediate, in

part, the increased invasiveness of tumor cells induced by hypoxia, as well as regulating hypoxia-

induced adhesion of normal lymphocytes and leukocytes to endothelial cells.
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Table 1.

HAL1/13
Kelly (4)
MCEFE-7 (7)

Control tumor cells (formoxic) and cells subjected to hypoxia for 24 and 48 hours were allowed
to adhere to endothelial cells monolayers for 30 min in the absence or presence of the HAL1/13
monoclonal antibody at 10 pg/ml. Percentage of adherent cells was quantitated as described in

Methods. The data represents mean + SEM, and the number of experiments performed with each

tumor cell line

Effect of Hypoxia on Tumor Cell Adhesion to Endothelial Cells.

control 24 h hypoxia 48 h hypoxia
- + - + - +
377469 37.7+8.1 25.5+5.3% 29.8+5.6 33.5+4.1 34.842.6
69.247.2 67.845.8 60.4+3.4 61.3+3.8 44.546.1* 52.546.6

is shown in parenthesis. Asterisks indicate statistically significant differences

from the corresponding control value (p<0.05).
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FIGURE LEGENDS.

Figure 1. The effect of hypoxia on HAL1/13 antigen expression on the surface of neuroblastoma

and breast carcinoma cells. Neuroblastoma cells (Kelly - A and B) and breast carcinoma (MCF-7
- C and D) cells were fluorescently-immunostained with the monoclonal antibody directed
against the HAL1/13 antigen. In windows A and C, histogfams of normoxic cells stained with
HAL1/13-specific antibodies are superimposed on histograms of corresponding cells stained with
isotype-matched antibodies (TS1/18 [anti-CD18]). In windows B and D, histograms of cells
exposed to hypoxia for 24 hours (Kelly, MCF-7) and for 48 hours (MCF-7) are superimposed on

histograms of corresponding control, normoxic cells.

Figure 2. Effect of hypoxic exposure on tumor cell invasion of an endothelial monolayer.

Kelly (A) and MCF-7 cells (B) were subjected to hypoxia, trypsinized, labeled with calcein, and
coincubated with an endothelial monoiaycr for 4 hours, in the presence or absence of HAL1/13
antibody. The percentage of invading cells was then quantitated as described in Methods. Each
bar represents mean + SEM of 4-6 experiments. * denotes significant effect of hypoxia; **

denotes significant effect of HAL1/13-Ku antibodies

Figure 3. Confocal microscopy of endothelial cells invaded by neuroblastoma cells.

Calcein-labeled neuroblastoma cells were co-incubated for 4 hours with a confluent monolayer of
endothelial cells in 35 mm tissue culture dishes. The photographs of Kelly cells under normoxic
(A), or hypoxic (B), conditions were taken at 17 microns from the apical surface of the

endothelial cells.
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Figure 4. Effect of hypoxia on transmigration of tumor cells through Matrigel-coated filters.

Kelly cells were subjected to hypoxia for 24 hours and MCFE-7 cells for 48 hours. Cells were
trypsinized and co-incubated with Matrigel-coated filters for 24 hours as described in Methods.
Cells which transmigrated to the bottom chamber were labeled with calcein and their
fluorescence was measured and related to the fluorescence of the total number of plated cells.

Each bar represents mean + SD of 3 experiments for each tumor cell line.

Figure 5. Effect of hypoxia on tumor cell motility. Videomicroscopy studies.

Kelly and MCF-7 cells were subjected to 24 and 48 hours of hypoxia respectively, trypsinized -
and plated onto laminin-coated surfaces as described in Methods. The image of the microscopic
field was captured every minute. Coordinates of the cells in each image (usually 15-18 cells)
were measured by means of NIH Image software, and the distance which each cell migrated
during the time of observation (16 min) was calculated. A representative experiment with MCF-
7 cells is shown in graph A. 16 cells per field were analyzed. | Each diamond represents the
distance migrated by one cell, and the bars are the mean distances. Graph B summarizes the
mean distances migrated by normoxic or hypoxic tumor cells in the absence and presence of the
antibody directed against HALL1/13. Each bar represents mean + SEM of 4 experiments with

Kelly cells and of 3 experiments with MCF-7 cells.
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Lymphoproliferative disorders associated with the Epstein-Barr virus (EBV) include non-Hodgkin’s lymphoma and
"post-transplant lymphoproliferative disorders” (PTLD), which occurs with immunosuppression after marrow and organ
transplantation. PTLD is characterized by actively-proliferating EBV(+) B-lymphocytes and often manifests a rapidly
progressive fatal clinical course if the immunosuppression cannot be reversed. A common treatment for Herpesvirus
infections has targeted the virus-specific enzyme, thymidine kinase (TK). The lack of viral TK expression in EBV(+) tumor
cells, due to viral latency, makes anti-viral therapy alone ineffective as an anti-neoplastic therapy, however. We have
developed a strategy for treatment of EB V-associated lymphomas/PTLD using pharmacologic induction of the latent viral TK
gene and enzyme in the tumor cells, followed by treatment with ganciclovir. Arginine Butyrate selectively activates the EBV
TK gene in latently EBV-infected human lymphoid cells and tumor cells. A Phase I/II trial was therefore begun, employing an
intra-patient dose escalation of Arginine Butyrate combined with ganciclovir. In six patients with EBV-associated lymphomas
or PTLD, all of which were resistant to conventional radiation and/or chemotherapy, this combination produced complete
clinical responses in 4/6 patients, with a partial response occurring in a fifth patient. Pathologic examination in 2/3 patients
demonstrated complete necrosis of the EBV-lymphoma, with no residual disease, following a single three-week course of the
combination therapy. Possible side-effects of the therapy included nausea and reversible lethargy at the highest doses. One
patient suffered acute liver failure, thought to be secondary to release of FasL from the necrotic tumor. Analysis of
patient-derived tumor cells in culture demonstrated that Arginine Butyrate produced selective induction of the EBV TK gene,
which then conferred sensitivity to ganciclovir, resulting in tumor apoptosis. Additional patient accrual is sought for further
evaluation of this therapy.
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~THE HYPOXIA-ACTIVATED LIGAND HAL-1/13 IS IDENTICAL TO Ku80, AND MEDIATES LYMPHOID
CELL ADHESION AND TUMOR CELL INVASIVENESS IN VITRO.
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Hematogenic spread of lymphoid tumor cells involves reversible interactions between adhesion receptors on lymphoid cells
and their counterparts on vascular endothelium, surrounding tissues, and matrices, and closely resembles extravasation of
lymphocytes and leukocytes to the sites of inflammation. Hypoxia is known to induce extravasation of lymphocytes and
leukocytes during ischemic injury. Tumor hypoxia analogously increases the metastatic potential of malignant lymphoid cells.
We have recently identified and characterized a new adhesion molecule, HAL-1/13 (Hypoxia-Activated Ligand-1/13), which
mediates the increases in lymphocyte and neutrophil adhesion to endothelium under hypoxic conditions. We used
expression-cloning to identify this molecule as the lupus antigen, and DNA-PK-associated nuclear protein, Ku80. The
HAL-1/13/Ku80 antigen is found on the surface of many leukemic and solid tumor cell lines, including T and B lymphomas,
myeloid leukemias, neuroblastoma, rhabdomyosarcoma, and breast carcinoma cells. Transfection and ectopic expression of
(human) HAL-1/13/Ku80 on (murine) NIH-3T3 fibroblasts confers the ability of these normally non-adhesive cells to bind to
a variety of human lymphoid cell lines, and this adhesion can be specifically blocked by HAL-1/13-neutralizing antibodies.
Hypoxic exposure of lymphoma lines (Jurkat, JY), leukemia lines (U937), neuroblastoma (Kelly and SH-N-SK) and breast
carcinoma (MCE-7) cells resulted in upregulation of HAL-1/13/Ku80 expression at the cell surface, mediated by translocation
of the antigen from the nucleus. This upregulation was coincident with an increased ability of the tumor cells to invade
endothelial monolayers, and this invasion could be attenuated by anti-HAL-1/13 antibody. Hypoxia also potentiated lymphoid
tumor cell transmigration through Matrige! filters. Anti-HAL-1/13 antibody inhibited this transmigration, and also the
locomotion of hypoxic tumor cells on laminin. These studies indicate that the HAL-1/13/Ku80 molecule may mediate, in part,
the increased invasiveness of tumor cells induced by hypoxia, as well as regulating hypoxia-induced adhesion of normal
lymphocytes and leukocytes to endothelial cells.
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